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THE OUTPUT OF SYMPATHETIC AMINES FROM THE CAT’S 
ADRENAL GLAND IN RESPONSE TO SPLANCHNIC ~ 
NERVE ACTIVITY 


By E, MARLEY anv W. D. M. PATON 


From the Department of Pharmacology, Royal College of 
Surgeons of England, Queen Square, London, W.C. 1 


(Received 25 April 1960) 


The release of sympathins from the adrenal gland as a consequence of 
electrical stimulation of the splanchnic nerve was first tested by Biedl 
(1897), Dreyer (1899) and Tscheboksaroff (1911). These were followed by 
the fuller investigations of Elliott (1912, 1913). Amongst other observations 
he found that, after prolonged excitation of the splanchnic nerve, the 
effectiveness of excitation was somewhat reduced, but he could not demon- 
- strate any depletion of the adrenaline content of the adrenal gland. After 
these pioneer studies little attention seems to have been paid to the release 
of sympathetic amines by splanchnic nerve stimulation until recently. This 
cannot entirely be ascribed to lack of sensitive assay techniques, for 
Stewart & Rogoff (1917), investigating the resting output of the gland, 
had used the rabbit intestine and uterus as test objects for assay, and the 
great sensitivity to adrenaline of the fowl’s isolated rectal caecum was 
exploited by Barsoum & Gaddum (1935). The realization that noradrena- 
line as well as adrenaline is released from the adrenal gland (Biilbring & 
Burn, 1949), together with the introduction of more sensitive assay 
techniques such as those using the rat uterus (de Jalon, Bayo & de Jalon, 
1945) and the pithed rat blood pressure (Shipley & Tilden, 1947) have 
allowed a more precise assessment not only of the resting output of the 
gland (Vogt, 1952) but also of its output during electrical excitation 
(Outschoorn, 1952; Rapela, 1956; Eade & Wood, 1958). Investigation of 
the gland’s output by pharmacological assay of the substances released into 
the adrenal blood can be made as rigorous as desired, but it is laborious 
and does not allow the time relationship of release to be easily determined, 
The method recently developed by Vane (1958), by which a strip of tissue 
sensitive to the amines can be included in a small extracorporeal circula- 
tion, offered an additional and more convenient method of estimating 
amine output. We have therefore used both methods in experiments to 


investigate the relation between output of adrenal medullary hormones 
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and various patterns of electrical stimulation, and also the susceptibility 
of the ganglionic synapse to fatigue and to specific blocking agents. 


METHODS 


Cats were anaesthetized with ether, after induction by ethyl chloride, and then given 
chloralose intravenously (80 mg/kg). A few animals were anaesthetized with intraperitoneal 
pentobarbitone sodium (30 mg/kg). For the collection of samples of blood from the adrenal 
vein, the abdomen was opened down the mid line, the stomach, intestines, spleen and 
pancreas were removed, and the blood supply through the hepatic artery was arrested. The 
vessels around the left adrenal gland were dissected out and branches joining the adreno- 
lumbar vein lateral to the gland, either from the diaphragm, the abdominal wall or the renal 
vein, were tied off. Artificial ventilation was begun. By dissection under the diaphragm the 
left greater splanchnic nerve was freed and a loose ligature left round it as high as possible. 
The lesser splanchnic nerves and the sympathetic chain on the same side were also cut. The 
animal was then given heparin intravenously (10 mg/kg). A siliconed polythene cannula 
was inserted into the adrenolumbar vein just lateral to the adrenal gland; when the adrenal 
vein was then tied close to the inferior vena cava, blood from the gland flowed into the 
cannula. Because of the amount of residual blood in the cannula at the end of a control or 
stimulation period, which would otherwise be included with the next specimen, the cannula 
was provided with a side arm close to its insertion into the vein, whereby at the conclusion of 
the collection period the contained blood could be gently blown out. After the collection of 
(usually) two control specimens the splanchnic nerve was cut and the peripheral end laid 
across. platinum electrodes (cathode distal) for stimulation with supramaximal rectangular 
(0-5 msec) pulses of 20 V, at varying frequencies. In experiments where a brief burst of rapid 
excitation was required two Bell square-wave stimulators were linked, the one providing 
the required stimulation frequency and the other a variable ‘gate’, up to 500 msec duration 
during which a relay was closed connecting the first stimulator to the electrodes. Stimuli 
were monitored with a Cossor oscilloscope to verify the absence of wave distortion. 

Blood pressure was recorded throughout the experiment with a siliconed cannula in the 
right carotid artery as a check against any leak of pressor amines from the prepared gland 
into the general circulation. ; 

Samples of venous effluent were collected in chilled siliconed graduated centrifuge tubes 
containing 1 mg heparin and standing in ice. They were immediately centrifuged at 3000 
rev/min for 10 min in containers with ice (Gaddum, Peart & Vogt, 1949), to prevent the 
development of vasopressor activity unrelated to sympathin. After centrifugation plasma 
and cell volumes were noted and the plasma was pipetted off and kept in sealed bottles on 
ice until assay. 

Circulating sympathins were assayed directly by the blood-bathed isolated organ technique 
of Vane (1958). The left greater splanchnic nerve was approached through a lumbar incision, 
after ligature and section of the posterior abdominal muscles. The adrenolumbar vein was 
divided between ligatures, and the greater splanchnic nerve identified and cut, together 
with the lesser splanchnic nerves and lumbar sympathetic trunk. The abdomen was then 
opened in the mid line and the right adrenal gland removed. After the injection of heparin 
(10 mg/kg) the left carotid artery was cannulated (the right carotid artery being employed 
for recording blood pressure) and connected with polythene tubing through a roller pump 
calibrated to deliver 10-15 ml. of blood/min to a siliconed organ bath, maintained at 37-5° C 
by an external water jacket and containing a rat-stomach strip preparation (Vane, 1957); 
this is approximately twice as sensitive to adrenaline as it is to noradrenaline. The blood over- 
flowed from the organ bath through aside arm and dripped over the surface of another isolated 
organ, usually the chick rectum (West, 1950) which is 60-100 times more sensitive to 
adrenaline than it is to noradrenaline, before being returned by gravity feed to the right © 
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external jugular vein. In the early experiments with blood-bathed tissues the extracorporeal 
circulation contained 10-15 ml. of blood; later this was modified, reducing the amount of blood 
circulating outside the body to 5-10 ml. The tone of the rat stomach strip and the chick rec- 
tum, which both contract when bathed with blood, was recorded by an auxotonic pendulum 
lever (Paton, 1957) of 16:1 magnification. A vibrator was mounted on the stand holding the 
two levers, to minimize friction between the writing points and the kymograph.., For prolonged 
splanchnic stimulation the current to and from the electrodes was passed through 1 »F 
condensers, to prevent polarization of the electrodes (Garry & Gillespie, 1955). In all experi- 
ments the animals were artificially ventilated and their temperature was maintained at 
38° C, 

Noradrenaline was estimated by its pressor effect on pithed rats (Shipley & Tilden, 1947). 
Rats of 200-250 g were anaesthetized with ether and injected subcutaneously with 1 mg 
hyoscine. A tracheal cannula was inserted for artificial ventilation and the central nervous 
system was destroyed by introducing a wire rod into one orbit and through the foramen 
magnum into the spinal cord. Such rats have a blood pressure of 50-60 mm Hg. A venous 
cannula was placed in the left jugular or right femoral vein, and the arterial blood pressure 
was recorded from the right carotid artery. The venous cannula was connected through 
rubber tubing to a 5:0 ml. microburette filled with NaCl solution 0-9 g/100 ml. so that drugs 
or plasma samples injected through the rubber tubing could be washed into the animal. The 
total volume injected was always adjusted to 0-4 ml. : | 

To assay adrenaline the rat uterus, in a 10 ml. bath, stimulated with acetylcholine or 
carbachol was originally employed (de Jalon et al. 1945); this is about 150 times more sensi- 
tive to adrenaline than to noradrenaline (Gaddum et al. 1949). It is now known (Vane, 
1957) that there is in cat plasma about 2 g/ml. of 5-hydroxytryptamine (5-HT); since this 
substance causes the rat uterus to contract, in later experiments bromlysergic acid 10-* 
was left in the bath for 15-30 min, until (2-5 ug) 5-HT became ineffective. 

The largest volume of plasma used was 0-3 ml. containing < 0-6 yg 5-HT (Expts. 11, 13, 
14). In other experiments (Nos. 15, 16) adrenaline was assayed by its reduction of maximum 
contractions of the rat uterus evoked by 5-HT, thus nullifying the effect of 5-HT in the 
plasma samples. The use of a pendulum auxotonic lever (Paton, 1957) assisted in regularizing 
contraction heights. 

For both adrenaline and noradrenaline the assay was always done by bracketing the 
unknown solutions between doses of the standard differing as a rule by a factor of two, and 
assaying at two dose levels. Random specimens showing adrenaline-like activity were 
treated with Lugol’s iodine and allowed to stand 5 min at room temperature. Excess iodine 
was destroyed with thiosulphate and the samples were retested to demonstrate the disap- 
pearance of adrenaline-like activity. The results are expressed as the amount of adrenaline 
and noradrenaline in the plasma that flowed from the suprarenal gland in | min. 

In dealing with amine mixtures the content of each amine is obtained from a knowledge 
of the noradrenaline and adrenaline equivalents on two discriminating test objects. From 
the equivalents two simultaneous equations may be set up and solved for the individual 
amine contents. A simpler graphical method is to make on linear graph paper @ scale 
of noradrenaline equivalent per millilitre on one axis, and of adrenaline equivalent per 
millilitre on the other axis. For a given sample on a given test object a line can then be 
drawn joining the two equivalents; this line will pass through all the points corresponding 
to various noradrenaline—adrenaline mixtures which would have the same effect. A corre- 
sponding line is drawn for the same sample on the other test object and the point of inter- 
section gives the independent amine contents. The method is quick and the slopes of ‘the 
lines make obvious the different discriminating power of the two test objecta. Drugs used 
were adrenaline bitartrate, noradrenaline bitartrate, acetylcholine chloride, bromlysergic 
acid (BOL 148), carbachol chloride, histamine acid phosphate, hyoscine hydrobromide, 
methonium salts (C,, C;, C,, Cio) a8 iodides except for hexamethonium bromide, nicotine 
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hydrogen tartrate, probanthine bromide, serotonin creatinine sulphate, tetraetl yl oni 
bromide (TEA), p-tubocurarine chloride. Doses are given as the amount of salt, except for 
adrenaline, noradrenaline, histamine and serotonin, which are measured as base. 
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RESULTS 


Resting output from the adrenal gland before and er 
splanchnic nerve section 


Before testing the responses of the glands to splanchnic nerve stimula- 
tion the opportunity was taken in 13 experiments of estimating the resting 
output of sympathins from the gland before nerve section. At least two 
samples were taken before the nerve was divided: Table 1 gives the figures 
obtained. There appeared to be a tendency for the output in the last 
control sample to be higher than the preceding ones; we believe, however, 
that the last control samples give the best values, since they were taken as 
long as possible (20-88 min) after completing the dissection, which might 
depress output for some time. In chloralosed cats output ranged from 3 to 
198 ng noradrenaline/min and from < 1 to 209 ng adrenaline/min; with 
phenobarbitone sodium (cats 7, 8) the corresponding figures were nor- 
adrenaline 2-141 ng/minand adrenaline 1-99ng/min. Inthe period 9-15 min 
_ after nerve section the output almost always fell unless it was initially 
barely detectable. On the other hand, output rarely became undetect- 
able; and in eight experiments the output subsequently rose again in the 
absence of nerve excitation. For the whole group only the fall in nor- 
adrenaline output immediately following nerve section was significant 
(t = 2-26, P < 0-05). 

The problem arose as to the reason for sustained output, sometimes con- 
siderable, in an acutely denervated gland. Asphyxia, circulating histamine 
or a rise in plasma potassium could all be excluded. Changes in blood flow 
through the gland may influence output. But we found no relation be- 
tween changes in output and blood-flow rate: thus in one experiment the 
blood flow rose from 0-3 to 0-48 ml./min, and the total amine output rose 
from 45 to 101 ng/min; in another experiment blood flow fell from 0-21 to 
0-12 ml./min, and the total amine output rose from 6 to 42 ng/min. All | 
these figures refer to periods after dividing the nerve and before any 
stimulation. It may be that the rate of plasma flow rather than whole 
blood flow is more intimately linked with amine output. The mean plasma 
flow for the specimens before nerve section was 0-23 ml./min (25 samples) 
and after nerve section but preceding stimulation it was 0-215 ml./min 

(26 samples). Since there was no significant change in mean plasma flow, 
_ it is unlikely that the above changes in amine output depended on plasma- 
flow fluctuations. 


Three possibilities remain. First, the denervation could have been 
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incomplete; but all homolateral nerves known to influence secretion had 
been cut, and there is no evidence for contralateral innervation of the gland 
(Young, 1939). Secondly, since chloralose depresses the secretion by the 
gland (Malmejac & Neverre, 1950) it might be that its elimination in the 
body allowed a non-nervous element in the secretion to rise, but the action: 
of chloralose is so prolonged that this seems unlikely. Thirdly, it is possible 
that the gland was in a state of mild ‘exhaustion’ before nerve section, 
sufficient to reduce spontaneous secretion, and that after a rest period 
following the section, spontaneous secretion at a higher rate could be 
resumed. This was borne out by the observation that the rise in resting 
secretion after nerve section tended to be high in those animals which had 
high outputs before section. This idea would imply that the non-nervous 
secretion represents a sort of overspill of amines from a gland, as soon as its 
stores are full. 


The threshold frequency of excitation and number of shocks for 
the release of significant quantities of sympathetic amines 

Although excitation of the splanchnic nerve at 10/sec produces a 
vigorous release of both adrenaline and noradrenaline, the output of these 
hormones with excitation at 1/sec usually does not increase output above 
the resting unstimulated level. An attempt was made, therefore, to deter- 
mine the frequency of stimulation at which a consistently increased out- 
put could be obtained. Table 2 gives the results, which can be summarized 
as follows. Excitation at 1/sec for 5-15 min (totals of 300-900 shocks) 
produced a significantly increased output in three out of six experiments, 
whereas at 2/sec output was increased in all of three tests, and at 4/sec 
in all of eight tests. When the number of shocks was reduced to a total of 
60 (excitation at 1/sec for 1 min), output did not increase in three tests. 
It appears, therefore, that only with prolonged excitation will a frequency 
of 1/sec occasionally prove effective, and that 2/sec is probably the lowest 
frequency which consistently increases the output from the medulla. 

This conclusion was further tested in experiments with blood-bathed 
assay tissues (rat stomach strip, chick rectum) in an extra-corporeal cir- 
culation, and similar results were obtained. Excitation at 1/sec for 5 min 
was effective in one test; but in six tests with excitation for times varying 
from 30 sec to 3 min, no significant release of amines occurred. With a 
frequency of 2/sec, applying 60-180 shocks, release occurred in three out 
of four experiments; and at 3/sec 60 shocks were invariably effective 
(seven experiments). 2 

To determine the minimum number of shocks which can cause a de- 
tetectable output, it is necessary to know the optimum frequency of 
stimulation. This was found (as described below) to be about 30—60/sec. 
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With this range of rates, 60 stimuli always produce a detectable output, = 


sometimes large. With fewer stimuli sometimes no response occurs; but in 
one experiment 13 shocks at 128/sec caused a detectable response (Fig. 1). 


Relation of output to varying rates and durations of stimulation 

Number of stimuli kept constant ; experiments with adrenal vein cannulation. 
Five experiments were performed, three (Nos. 10, 14, 15) in which a total 
of 60 stimuli were given and two (Nos. 11, 13) with 180 stimuli, at stimula- 
tion rates of 1, 4, 16 and 32/sec, in random order to avoid systematic error, 


B.P. (mm Hg) 


| NA 


Fig. 1. Cat, 2-6 kg; chloralose. Response of blood pressure (B.P.) and of the blood- 
bathed isolated rat stomach strip (RSS) to intravenous injections of adrenaline or nor- 
adrenaline or to stimulations of the cut left splanchnic nerve at various frequencies. 
Total number of shocks 13, 26, 60, 64 or 180, as shown. Time marker, minutes. 


due for instance, to the deterioration of the animal during the experi- 
ment. Both stimulation and control specimens were collected for 10 min 
periods. An arbitrary control value was arrived at by averaging the results 
for the two control specimens preceding the first stimulation and that for 
the control period succeeding excitation at 1/sec. Difficulty arises in a 
statistical analysis of the results because with the higher frequencies of 
stimulation considerably increased outputs of amines are to be found in the 
immediately succeeding control specimens. This could not be attributed 
to blood belonging to the stimulation specimen remaining in the dead space 
of the cannula in the adrenal vein, with subsequent carry-over into the 
next control sample. A correction was applied by adding to the stimulation 
output the excess found in the first control period after stimulation over 
the averaged control value. The mean values for the corrected total amine 
output (ng/min) in the control and stimulation specimens, and their range, 
are shown in Table 3. Analysis of variance of the data shows that the 
results for the control and stimulated specimens depart from homogeneity 
(P < 0-01); and, as might be expected, there is a significant contribution 
to the total variance from the difference between the experimental animals 
(P < 0-001). Comparison of the mean values (using a one-tailed ¢ test) 
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shows that there is no significant difference between the total amine output 
in the control and stimulation at 1/sec specimens (t = 0-62, P = > 0-5), 
but that the differences between the total amine output in the control and 
stimulation specimens at 4/sec (t = 1-78, P < 0-05), 16/sec (¢ = 2-76, 
P < 0-001) and 32/sec(t = 4:19, P < 0-001) are significant, the significance 
mounting with frequency of stimulation. Analysis of variance of only the 
stimulation specimens showed them to depart significantly from homo- 


TaBLE 3. Combined adrenaline and noradrenaline outputs* (means and range, ng/min to 
the nearest whole figure) for the control and stimulation specimens after splanchnic nerve 
section. (Combined results of Expts. 10, 14, 15 (60 shocks) and Expts. 11, 13 (180 shocks).) 


Control 1/sec 4/sec 16/sec 32/sec 
Indices (n = 15) (n = 5) (mn = 5): (n = 5) (n = 5) 
Mean arm 46 85 117 165 
Range 2-—91 6-162 20-288 = 7-305 17-312 


* Corrected as explained in text. 


TABLE 4. Comparison of the mean combined adrenaline and noradrenaline outputs (ng/min ; 
corrected) for the control and stimulation specimens with either 60 or 180 shocks after 
splanchnic nerve section ) 


Total stimuli Control 1/sec 4/sec 16/sec *. 32/sec 
60 shocks (Expts. 10, 14, 28 21 38 79 135 
5 
180 shocks (Expts. 11, 13). 23 84 154 174 210 


geneity (F = 7:00, P < 0-01). Comparison of the mean values for the 
stimulation specimens (using a two-tailed ¢ test) indicated that, whereas 
output of the 16/sec or 32/sec specimens differed significantly from that of 
the 1/sec specimen, and that of the 32/sec from the 4/sec specimen, the 
differences between the mean output at 1/sec and 4/sec, 4/sec and 16/sec and 
16/sec and 32/sec were not significant. The data from these experiments 
were further subdivided to compare the mean total amine outputs for | 
stimulation with 60 shocks with those occurring with 180 shocks to the cut 
splanchnic nerve (Table 4). As expected, outputs were found to be higher 
with the larger number of stimuli. Figure 2 shows the mean outputs at 
varying frequencies, plotted, not against frequency, but against the 
interval between successive shocks, since it will be discussed in these terms. 

Proportionate outputs of adrenaline and noradrenaline. So far we have 
considered total amine output; the uncombined adrenaline and noradrena- 
line outputs (corrected) in the experiments just discussed were also cal- 
culated separately. The means, ranges and standard errors of the mean for 
these outputs, together with values for the ratio between the two amines, 
are shown in Table 5. Output of both amines rose with increasing fre- 
quency of stimulation, and there was again a considerable variation 
between different animals. Although a fall in the ratio of mean nor- 
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adrenaline to mean adrenaline output occurred at 32/sec stimulation, this 
was far from significant statistically, and our main conclusion is that the 
ratio does not change with brief periods of excitation at the serates. Since, 
however, Rapela (1956) has reported a. specific increase in adrenaline at 


E 
> 
3 
< 
+ (180 shocks) 
< 
(60 shocks) 
200 400 600 800 1000 


Interval between shocks (msec) 


Fig. 2. The relation between the mean output of combined adrenaline and nora- 
drenaline in the suprarenal venous blood (ng/min) to the interval (msec) between, 
shocks administered to the cut left splanchnic nerve. 


TABLE 5, The ratio of the means, the mean, the range and standard errors of the mean for the 
separate corrected noradrenaline and adrenaline outputs (ng/min) in the control and stimula- 
tion specimens after splanchnic nerve section (Expts. 10, 11, 18, 14, 15) 


Control I/sec 4/sec 16/sec 32/sec 
Indices (n= 15) (n = 5) (n = 5) (n = 5) (n = 5) 
Noradrenaline 
Mean 15-1 30-6 43-0 65-2 70-0 
Range 1-67 3-117 4-152 < 1-211 1-180 
S.E. of mean 4°87 19-49 24-75 33-89 30-98 
Adrenaline 
Mean 10°5 16-6 42-4 52-0 96-4 
< 1-27 3-44 7-135 3-95 17—208 
S.E. of mean 2-39 7:08 21-12 20-75 31-76 
Ratio noradrenaline mean: 1-4 1-8 1-0 1-2 0-7 
adrenaline mean. 


Range of ratio, noradrenaline: 0-05-50 0-75-2:7 0-19-20 0-14-13:3 0-06-3-5 
adrenaline 


high rates of excitation, this point was examined further; and in one experi- 
ment in which 51 shocks at a rate of 512/sec were given, an increase in out- 
put of adrenaline alone from 11 to 59 ng/min was obtained and in a second 
test from 17 to 44 ng/min; the noradrenaline output remained constant at 
about 18 ng/min. At 256/sec 26 shocks had a doubtful effect of the same 
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kind; 13 shocks at 128/sec were ineffective. It seems likely, therefore, that 
a selective increase in adrenaline secretion can be obtained, but not at 
frequencies of stimulation of physiological interest. ; 

Effect on output of the plasma volume of the venous sample. Brown & 
Gillespie (1957) noted that even when both number of stimuli and fre- 
quency of excitation were kept constant, the noradrenaline output varied 
directly with the plasma volume of the sample but not with the whole- 
blood volume of the sample. This variation of output with sample volume 
might introduce serious errors in the interpretation of the results if, for 
instance, the sample volumes at the higher frequencies of stimulation were 


CR 


RSS 


NAc 
Fig. 3. Cat, 2-5 kg; chloralose. The response of the blood-bathed isolated chick 
rectum (CR), rat stomach strip (RSS) and blood pressure (B.P.) to intravenous 
injections of adrenaline or noradrenaline, or to stimulation of the cut left splanchnic 
nerve at various frequencies, for either 60 or 180 shocks. Time marker, minutes. 


32/sec 32/sec 2/sec 
180 60 180 180 


consistently greater than those of the lower. In fact, however, there was 
no consistent change of flow rate; the average plasma flow rate for the 
control period and stimulation at 1, 4, 16, and 32/sec respectively were 0-11, 
0-11, 0-08, 0-08 ml./min in the experiments analysed above. There was a 
small reduction of flow with excitation at 16 or 32/sec, and so the values 
for output at these rates may be slightly underestimated. | 


Experiments with blood-bathed assay tissues 
The observations just described, showing that excitation with a fixed 
number of shocks led to a higher output of amines if the rate of stimulation 
was increased, were extended by the less laborious assay technique of the 
blood-bathed organ. The comparative effect of stimulation at varying 
frequencies with either 60 or 180 shocks can be seen from Fig. 3, and Fig. 4 
shows outputs determined by this method in three experiments. The same 
general result was obtained, that output is highest for frequencies of 30-60/ 
sec (Fig. 5). A further experiment was made (Fig. 6) in which 50, 150, or 
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Adrenaline equivalents (ng) 


8) 


400. 200 300 400 600 700 800 900 1000 


Interval between shocks (msec) 


Fig. 4. The relation of the output of sympathetic amines (measured as adrenaline 
equivalents on the blood-bathed isolated rat stomach strip) to the interval between 
shocks given to the cut left splanchnic nerve. @—@ = 60 shocks; B—® and 


32/sec "64/sec 128/sec 32/sec 16/sec 4A4ec 2/sec 1/sec 32/sec Ad NAd Ad 

OSug OSug 1-Oug 
Fig. 5. Cat, 2:3 kg; chloralose. The response of the blood pressure (B.P.) and of the 
blood-bathed isolated chick rectum (CR) and rat stomach strip (RSS) to intravenous. 
injections of adrenaline or noradrenaline or to stimulation of the cut left splanchnic 
nerve at various frequencies per sec for 180 shocks. Time marker, minutes. 
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450 shocks were delivered at frequencies ranging from 3-5 to 320/sec, to 
compare the response at very short stimulus intervals with longer intervals 
in one experiment: the various stimulations were delivered in a random 
order. This confirmed that at 30/sec stimulation output is maximal, and 
that it falls off sharply at faster rates. The interesting observation was 
made, however, that at 350/sec output recovered somewhat. It appeared, 
in short, that two separate processes in the response to successive shocks 
were occurring : the first on a short time scale, lasting only 10 msec or less; 
the second much slower, with a peak around 30 msec, and lasting up to 300 


450 


4 
uw 
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adrenaline equiv (ng) 
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Fig. 6. The relation of the output of sympathetic amines (measured as adrenaline 
equivalents on the blood-bathed isolated rat stomach strip) to the interval between 
shocks given to the cut left splanchnic nerve. Upper line = 450 shocks; middle 
line = 150 shocks; lower line = 50 shocks. 


or 1000 msec. The position of the peak is not constant, but varies with the 
number of shocks given, tending to a lower frequency as the volleys 
delivered increase. 


Output with constant duration of stimulation 

In two experiments, continued stimulation of the splanchnic nerve at 
various rates with rather brief rest periods was associated with decline of 
output at excitation rates above 8/sec. But very large outputs might occur 
with stimulation at 8/sec or higher for a sustained period, if generous rest 
intervals were allowed. Thus in one experiment stimulation at 10/sec for 10 
min produced a total of 36-5 .g combined amine, and a total of 38-0 ug was 
produced by excitation at 16/sec for 10 min. It was thus clear that with 
these longer periods of excitation output did not simply depend on rate of 
excitation, but that a phenomenon resembling ‘fatigue’ of the synapse 
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could be produced. Experiments were therefore made to produce it 
deliberately and to determine the factors governing its appearance. 


Splanchnic nerve fatigue 


Assays of collected adrenal venous blood. In two eats splanchnic nerve 
_ stimulation at progressively raised frequencies but with only brief rest 
intervals was found to cause a fall in output of noradrenaline and adrena- 
line into the adrenal venous blood when the rate of excitation, over a 
period of 8-10 min, exceeded 8-16/sec. In the first experiment the com- 
bined amine output at 16/sec was little more than a tenth of that at 8/sec. | 
But this decline was not due to deterioration of the nerve, since subsequent 
excitation at 1/sec for 10 min (Fig. 7), after a rest period of 14 min, elicited 
almost the same output as an earlier stimulation at the same rate. In this 
animal the plasma flow through the gland during excitation at 16/sec was 
reduced by half. But this seems an unlikely reason for the decline in out- 
put, for in another experiment a similar decline was associated with a rise 
in plasma flow. In neither experiment was there any evidence that output 
of adrenaline might fail earlier than that of noradrenaline during splanchnic 
nerve excitation. | 

Assays with blood-bathed organs. Data from these investigations are 
shown in Table 6. It was possible to produce an apparent complete 
exhaustion of the response of the adrenal gland to splanchnic stimulation, 
this fatigue appearing sooner with high than with low rates of stimulation. 
Thus with a rate of 4/sec exhaustion was complete only after 193 min. In 
another animal no signs of fatigue were apparent after stimulation at 5/sec 
for 35 min, but exhaustion occurred after 50 min with stimulation at 8/sec, 
within 20 min at 16/sec, and 14 min at 32/sec. In another experiment only 
partial exhaustion was found after 60 min at 16/sec, while in yet another 
cat no exhaustion was seen when stimulating for 80 min at 10/sec. In two 
other animals stimulating at a rate of 32/sec led to complete exhaustion 
within 25 and 60 min respectively. 

In all these experiments exhaustion was considered to have occurred 
when the blood-bathed assay tissue had regained its original tone. This 
return of tone during continuous splanchnic stimulation was not due to a 
developing insensitivity of the assay tissues to circulating sympathins as 
found in the experiments of Feldberg, Minz & Tsudzimura (1934); indeed, 
they usually became more sensitive to adrenaline, noradrenaline and isopro- 
pylnoradrenaline as the experiment progressed. Figure 8 illustrates how 
adrenaline and noradrenaline are still fully effective on the rat stomach — 
strip at the time when tone had fully returned in the face of continuing 
splanchnic excitation. 

That complete depletion of the sympathetic amines within the adrenal 
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gland was not the explanation of the unresponsiveness of the gland to 
nerve stimulation could be demonstrated by the intravenous injection of 
0-25-0-5 mg nicotine. This was followed by prompt maximal relaxation of 
the assay tissues. Nicotine injected in 1/15th—-1/12th of this dose into the 
polythene tubing leading to the blood-bathed assay tissues had no direct 
effect on the rat stomach strip; it relaxed the chick rectum slightly but 
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Blood and plasma flow (ml./min) 
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Ad (ng/min) 
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10 30 SO 70 90 110 130 150 170 
20 40 60 80 100. 120 140 160 180 min 

Fig. 7. The outputs of adrenaline and noradrenaline in the suprarenal venous blood 
before and after section of the left splanchnic nerve (downward pointing arrow) 
and in association with stimulation of the cut splanchnic nerve at varying fre- 
quencies. ™, duration of stimulation, 15 or 10 min. Frequencies of stimulation, 
reading left to right: 1, 2, 4, 8, 16 and 1 per sec. (, suprarenal venous blood flow, 
24, suprarenal plasma flow. 
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much less than did the injection of the larger dose of nicotine into the whole 
animal. The proportionate dose (1/15th—1/12th) was calculated on the 
basis of a blood volume in the cats of 120-150 ml. and a volume of extra- 
corporeal blood of 10 ml. in the organ bath and connecting tubing. 

The exhaustion of the response to nerve stimulation could not be due to 
electrode polarization (see Methods); nor was it due to the stimulus 
becoming submaximal by the short-circuiting effect of accumulating 
tissue fluid, since when fatigue was established doubling the voltage pro- 
duced no significant alteration in response of the assay tissues. Moreover 


TaBLe 6. Exhaustion after prolonged splanchnic stimulation: blood-bathed organ experi- 
ments. (RSS = rat stomach strip; CR = chick rectum; RD = rat duodenum) 


Time (min) of complete return 


Stimulation to resting level during 
Interval before A continuous stimulation 
Expt. stimulation Rate Duration Assay 
- no. (min)* (per sec) (min) tissues Assay tissues Blood pressure 
18 310 16 © 60 RSS 60 (50% return) 15 
21 180 32 46 RSS 25 . 
CR 10 — 
r 15 32 33 RSS 14 15 
CR 12 — 
230 16 . 37 RSS 20 11 
29 CR . 9 
290 8 63 RSS 50 17 
CR 15 — 
370 5 35 yg No fatigue 9 
CR. 
23. 96 4 201 RSS 193 35 
CR 35 — 
24 332 10 80 RSS No fatigue 27 
RD —. — 
31 40 32 60 RSS 60 > etek 


* Interval between completion of the preparation and beginning stimulation. 


20 V stimulation was used although it had been found earlier in the experi- 
ment that maximal relaxation of the stomach strip followed nerve stimu- 
lation with only 1-2 V. Neither could the length of the experiment nor 
the animals condition be incriminated. Thus fatigue appeared more 
rapidly at a stimulation rate of 32/sec, but more slowly at 8/sec some 215 
min later (Expt. 22, Table 6). In another animal fatigue was incomplete 
after 60 min stimulation at 16/sec, even though 370 min had elapsed since | 
recording was begun. In all the animals there had been at most an in- 
significant decline of blood pressure during the experiment, and splanchnic 
nerve stimulation invariably produced a substantial rise of blood pressure 
(50-140 mm Hg). The blood pressure immediately preceding stimulation 
was never lower than 60 mm Hg and in the majority of animals lay 
between 90 and 180mm Hg. 

Evidence was obtained that output of adrenaline failed sooner than that 
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0 of noradrenaline during nerve stimulation. The chick rectum regained 
normal tone before the blood-bathed rat stomach strip during prolonged 
: » splanchnic stimulation (Figs. 8, 9) although it is much more sensitive to 
adrenaline than to noradrenaline, whereas the rat stomach strip is only 
about twice as sensitive to adrenaline as to noradrenaline. This pheno- 


Stimulation (16/sec) 


180 
160 
| 140 
Nicotine Ad 
OSmg OSug 


Fig. 8. Cat, 2-2 kg; chloralose. The response of the blood-bathed isolated chick 

_ rectum (CR) and rat stomach strip (RSS) and the blood pressure (B.P.) to prolonged 
stimulation at a frequency of 16/sec of the cut left splanchnic nerve. Note the 
early adaptation of the blood pressure to circulating sympathetic amines coinciding 
with the return of tone to the chick rectum, and the eventual return of tone to rat 
stomach strip. Considerable relaxations of both blood-bathed tissues following 
the intravenous injection of either 0-5 mg nicotine or 05 ug adrenaline. Time 
marker, minutes. 


~menon was seen whether the rate of excitation was 16/sec (Fig. 8) or 4/sec 

(Fig. 9). The result might only mean that the chick rectum has a greater 

' facility to regain tone than the other assay tissues. This is excluded, how- 

ever, by the fact that the relaxation of the chick rectum to adrenaline may 

Fe follow the same time course as the stomach strip (Fig. 8) or may be some- 

‘what slower (Fig. 3). 
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Adaptation to sympathetic amines 
In the experiments on suprarenal exhaustion it was noticed (Table 6) 


that the-cat’s blood pressure returned to control levels considerably earlier 
than the rat stomach strip, and at about the same time as the chick 


Stimulation (4/sec) 


Fig. 9. Cat, 3-5 kg; chloralose. Effect of prolonged stimulation at a frequency: of 
4/sec of the cut left splanchnic nerve on the response of the blood-bathed isolated 
chick rectum (CR) and rat stomach strip (RSS) and of the blood pressure (B.P.). Note 
the early adaptation of the blood pressure and return of tone to the blood-bathed 
isolated chick rectum (a), while the rat stomach strip remains relaxed 125 min 
after commencing stimulation (b). Time marker, minutes. 


rectum. Unlike the chick rectum, the blood pressure is more sensitive to 
noradrenaline than to adrenaline, so that a rising proportion of nor- 
adrenaline cannot account for the blood-pressure recovery. It suggests 
that there may be a difference in the manner in which various tissues 
accommodate to the effect of these amines. This was tested in four experi- 
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ments by infusing noradrenaline, adrenaline, or a mixture of these in 
equal parts, while recording the blood pressure and the responses of the 
blood-bathed stomach strip and chick rectum. In all cases the blood pres- 
sure returned to normal while the stomach strip was still fully relaxed; in 
only one experiment, with a mixture of noradrenaline and adrenaline, was 
there a partial recovery of tone with the chick rectum. 


Effect of ganglion-blocking drugs on the splanchnic-suprarenal 
synapse 
The experiments described above were undertaken to define the be- 
haviour of the splanchnic-suprarenal synapse under various conditions of 
excitation. Once established, this knowledge could be applied to examining 
quantitatively the susceptibility of the synapse to blocking agents. 
Although a good deal of knowledge exists about the paralysis of homo- 


logous autonomic ganglia, our information about paralysis of the adrenal 


has advanced little since the study by Feldberg et al. (1934) of the effects 
of nicotine and atropine. 

In early experiments ganglion-blocking drugs were tested during inter- 
mittent splanchnic stimulation at 10/sec for 30 sec; but the large relaxa- 
tion produced by this excitation was little altered, for instance, by intra- 
venous injections of hexamethonium up to 200yug/kg. Larger doses 
(0-5 mg/kg) had a good blocking effect, but since other actions in the body 
became prominent, a more sensitive test seemed desirable. A better 
method was to test the action of the drugs by determining their effect on 
the tone of the blood-bathed assay tissues during sustained splanchnic 
stimulation at low frequencies (3—5/sec), which could be maintained for long 
periods without nerve exhaustion supervening; this stimulation rate pro- 


‘duced a half maximal relaxation of the stomach strip. Provided the drug 


has no direct action on the strip, a paralysis of transmission shows itself by 
a recovery of tone in the strip and the relaxation re-establishes itself as the 
effect of the ganglion-blocking agents wears off. 

, Hexamethonium (C,) was found to be the most potent of the ganglion- 
blocking members of the methonium series tested, with C,, C, and. C, in 
descending order of potency (50, 6-25 and 2-3 % respectively of the potency 
of C,). C, was about five times as potent as tetraethyl ammonium bromide. 
The recovery of tone produced by, for example, 200 ug C, or 1 mg TEA/kg 
was incomplete and lasted about 7-10 min. ! 

A proportion of the total dose (1/15th) of these drugs, injected into the 
tubing in series between the cannulated carotid artery and the bath con- 
taining the blood-bathed stomach strip, did not produce any significant 
effect on the assay tissues. It was impossible, however, to determine the 


relative potencies of tubocurarine or probanthine, as these had a direct 
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atropine-like relaxing effect on the stomach strip, which masked the 
possible recovery in tone looked for. 

The similarity to autonomic ganglia showed itself in two other aspects. 
First, the synapse was resistant to decamethonium, which in a dose of 
10 mg/kg had no effect on the response of the stomach strip to splanchnic 
nerve excitation. Secondly, the synapse was first excited and later blocked 
by nicotine. 


2 


B.P. (mm Hg) 


Ad Nicotine S 
ug 0-1 mg 
Fig. 10. Cat, 3-0 kg chloralose. The response of the blood-bathed isolated rat 
stomach strip (RSS) to intravenous injections of 0:1 ug adrenaline, 0-1 mg of 
nicotine or to stimulation of the cut left splanchnic nerve (S) at a frequency of 10/sec 
(100 shocks). Time marker, minutes. | 


Nicotine. The stimulant effect of nicotine on the adrenal medulla is 
well known, and nicotine in large doses has often been used to reduce or 
remove the response to splanchnic stimulation (Feldberg et al. 1934). 
Both these effects can be readily demonstrated with the blood-bathed 
stomach strip. It proved a very sensitive indicator of the stimulant action 
of nicotine on the medulla. Feldberg e¢ al. required 0-1 mg given by arterial 
injection close to the gland to produce a good effect on the blood pressure. 
But with the stomach strip the same dose intravenously produced a good 
relaxation, the blood pressure being unaffected (Fig. 10). If the dose was 
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raised to 2 mg a slight reduction of the effect of splanchnic stimulation 
sometimes occurred. With repeated doses of 2 mg every 3 min up toa total 
of 12mg a dwindling response was recorded (Fig. 11), and in the end 
splanchnic stimulation was greatly reduced. 

The question arose, which appears not to have been previously considered, 
as to how far depletion of amine stores contributed to the fading response to 
stimulation. Two tests were applied. First, the release of amine to a fixed 
dose of histamine was tested before and after nicotine (the strip is ex- 
ceedingly resistant to histamine). The release of amine by histamine was 
reduced by nicotine, but less so than the release to nerve stimulation 


$10/sec. S$4/see Hist Nic $10/sec Nic Nic 10/sec 
(450) (180) 104g 2-0mg (450) 2-0mg 2-0 mg (450) 


Nic Nic Nic Nic Nic Nic Hist $10/sec $4/sec 
2:0 mg 2-0 mg 2-0 mg 2-Omg 20mg 

Fig. 11. Cat, 3-6 kg; chloralose. Effect of single or serial doses of nicotine (Nic) 

on the response of the blood-bathed isolated rat stomach strip (RSS) to splanchnic _ 

stimulation (8) at frequencies of 10/sec (total of 450 shocks) or of 4/sec (180 shocks) 

and to 10 yg histamine (Hist). Time marker, minutes. 


(Fig. 11). If a massive amount of nicotine was given in divided doses in a 
relatively short time, complete abolition of nerve response occurred; the 
histamine response was reduced but still present. Secondly, it seemed 
improbable from our experiments on exhaustion that depletion could 
account by itself for the abolition of the response to nerve stimulation. 
This was tested directly in an experiment in which a series of brief nerve 
stimulations was substituted for the repeated doses of nicotine, producing 
relaxations of the strip comparable to those produced by the nicotine; no 
decline in response to splanchnic stimulation was found. It appears that 
the effect of nicotine on the adrenal synapse is a true synaptic block, 
although the reduced response to histamine may imply some contribution 
by amine depletion. 

Since nicotine applied in sufficient doses directly to the strip may excite 
it, the relaxant effect could be somewhat underestimated. We believe, 
however, that the stimulant action of nicotine in the doses used, by the 
intravenous route, is virtually negligible. There is a circulatory latent 
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period of 1-2 min before the strip relaxes in response to a discharge of 
amines from the medulla; we have never seen any initial stimulant effect 
on the strip during this period, although it is then that the carotid blood 
contains nicotine at its highest concentration. As an additional control 
we have tested nicotine by injection into the extracorporeal circuit, in the 
same fraction of the intravenous dose as the ratio of the blood volumes of 
the circuit and the animal; such doses or slightly higher ones are ineffective. 


DISCUSSION 


Although early experiments on adrenal denervation (Stewart & Rogoff, 
1916, 1917) indicated that amine output fell to undetectable levels, sub- 
sequent workers (Vogt, 1952; Duner, 1953; Rapela, 1956) agree that there 
is a constant small release of catechols from either the acutely or chronically 
denervated adrenal. Our results, restricted to the effects of acute nerve 
section, agree with those previously reported. In the normal cat under 
chloralose there is, before nerve section, a variable but sometimes quite 
large output of catecholamines from the adrenal (noradrenaline 3-198 ng/ 
min, mean 54-5 ng/min; adrenaline < 1-209 ng/min, mean 36-2 ng/min), and 
under pentobarbitone similar figures were found. Nerve section reduced 
the output of both amines on an average by 60—70 %, sometimes to almost 
undetectable levels. An interesting finding was the subsequent rise in out- 
put after the nerve section, in the absence of nerve stimulation, or of any 
other obvious stimulus to secretion. We have concluded that before nerve 
section the stores of amine in the gland are slightly depleted by the normal 
activity of the splanchnic nerve; and that when this drain on the stores 
is prevented, amine accumulates until a spontaneous ‘overspill’ occurs. 

When the splanchnic nerve is stimulated, there is a distinct ‘threshold’ 
frequency which the excitation must exceed for output to be raised. If 
duration of stimulation is unlimited then the rate, for a consistent response, 
must be 2—4 shocks/sec or more. If the optimal rate of excitation is used 
(about 30/sec) then something like 20 shocks are needed to increase output 
detectably. These properties are quite unlike those of, say, the nictita- 
ting membrane or neuromuscular junction, where single shocks produce 
distinct responses. It implies that, in the development of reflex activity 
by the adrenals, a more intense nervous discharge is called for from the 
splanchnic nerve than in the presynaptic fibres of other junctions. With 
effective nerve stimulation, output depended critically on the interval 
between successive shocks applied. As the interval was made shorter, with 
a constant number of shocks, output rose to a peak at about 30 msec 
intervals (stimulation rate 30/sec). Then output declined again, with more 
rapid shocks, to a minimum at about 10 msec interval. Finally, some 
degree of recovery occurred with stimulus interval made still shorter. 
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A number of mechanisms may be involved in this pattern of response. 
First must be considered a summation between the effects of acetylcholine 
released by successive shocks at the splanchnic—medullary-cell synapse. 
The wide distribution of cholinesterase (which also occurs in the medulla) 
and the invariable transience of action of acetylcholine exclude its direct 
participation in any prolonged response. But a process, capable of tem- 
poral summation, complete within 10 msec would be not unreasonable; 
so that the greater output at 3 msec intervals compared with 10 msec 
intervals could be attributed to persistence of the transmitter or of its 
immediate electrical effect for a few milliseconds. 

Secondly, one might postulate an excitatory state, set up in the gland 
cell by the transmitter, which, if sufficiently intense, leads to a discharge 
of amines. The fact that single shocks are ineffective, and that it needs, 
under the best conditions, about 20 shocks to produce a detectable re- 
sponse, indicates that the excitatory state evoked by a single volley is well 
below the threshold for amine discharge. If, then, shocks are repeated at 
sufficiently short intervals, this threshold will eventually be exceeded; 
and the magnitude of the total excitatory state achieved will be a measure 
(not necessarily linear) of the slowness of decline of excitatory state after 
each shock. Such a model will account for a rising output with shortening 
stimulus interval; but it does not account for the decline of output when 
the interval decreases from 30 msec, unless it is also supposed that during 
the rise of the excitatory state, or for some period after its start, the 
medullary cell is relatively refractory to additional excitation. 

A third interpretation is as follows. First, the decline of output with 
shocks less frequent than 10-30/sec might be attributed to some process 
of local uptake by the gland, like that proposed for the spleen by Brown & 
Gillespie (1957), who found that the noradrenaline output from the splenic 
nerves wanes in a similar way. The situation here, however, is somewhat 
different. In the spleen the receptor tissue is in direct relation to the nerves, 
and uptake or destruction of the amines by splenic tissue is a plausible 
supposition. In the adrenal, however, the final receptor is the body as a 
whole; if, as in our experiments, adrenal venous blood is collected, the only 
tissue available to take up the amines released is the blood in the gland, 
the supporting tissues of the medulla, and the medullary cells themselves. 
Since the cells can regain their amine content after its exhaustion, a re- 
absorption by the medullary cells of amine secreted a moment earlier 
deserves consideration. Secondly, the decline of output. with shocks more 
frequent than 30/sec could be attributed to a process of synaptic fatigue or, 
possibly, to a failure of nerve-terminal conduction at high rates. 

The higher rates of output we have obtained, between 3-6 and 3:8 yg/ 
min for a period of 10 min stimulation at 10 or 16/sec, are similar to those 


| 
4 

2 

§- 

& 
| 

A 


24 E. MARLEY AND W.D.M. PATON 


found by earlier workers. The work by Eade & Wood (1958) is most similar 
in method to our own; they found that excitation at 20/sec for 4-75 min 
released 5-15 g/min (average) of catechol amines into the adrenal venous 
blood. Put into relation with the figures provided by Butterworth & Mann 
(1957) for the amine content of cat’s adrenals (range 178-992 ug), mean 
ca. 320 wg/gland), this means that between 1 and 2% of the medullary 
contents can be released per minute. Such a figure implies, further, that 
exhaustion of the release for maximal rates of output should occur within 
50-100 min at most, unless resynthesis or re-storage takes place. | 

Our experiments with continued excitation show that ‘fatigue’ in fact 
sets in considerably earlier than this, especially with the faster rates of 
stimulation. Thus, at 32/sec fatigue was sometimes quite rapid, being com- 
plete in two experiments in 14 and 25 min; at 4/sec, where the output is of 
the order of 0:2°% of gland content per minute, it required 193 min 
stimulation to exhaust the response. This in itself points to the existence 
of fatigue due to some cause other than depletion of the stores. This was 
confirmed by finding that after the response to continued nerve stimulation 
had failed nicotine could still elicit a vigorous discharge of amines. The 
fatigue, therefore, is presumably not post-synaptic in nature. 

There is no information as to the physiological rate of nervous discharge 
in the splanchnic nerves. The properties of the synapse would allow it to 
work effectively up to rates of 30—-100/sec, since increasing outputs are 
obtained with increase of rate up to this level. According to Folkow (1952), 
post-ganglionic sympathetic nerves to a limb do not fire faster than 6-8/ 
sec; but these are performing a quite different function. 

Previous workers have paid considerable attention to the proportion of 
noradrenaline to adrenaline released by nervous excitation. Thus Rapela 
(1956) reported that at a high stimulation rate a selective increase of 
adrenaline release occurred. In general, we have found that with brief 
periods of excitation the proportion of the amines did not vary with rate 
in any consistent way. But in one experiment excitation at 512/sec did 
produce an increase of adrenaline release only. More important is the 
question of a changing amine ratio during prolonged excitation. Biilbring 
& Burn (1949) found that in five out of nine experiments with repeated 
intermittent stimulation the adrenaline proportion fell. On the. other 

hand, Lund (1951) and Outschoorn (1952) concluded that the amine ratio 
- was unchanged. It is worth noting that, in any case, the amine ratio of 
cat’s adrenal glands is extremely variable, ranging from 13-3 to 90-7 % 
noradrenaline (Butterworth & Mann, 1957). In our experiments with 
blood-bathed tissues there was a consistent tendency during prolonged 
excitation of the splanchnic nerve for the chick rectum (specifically sensi- 
tive to adrenaline) to regain its tone before the rat stomach strip (approxi- 
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mately equally sensitive to both amines), so that our evidence supports the 
conclusion reached by Biilbring & Burn. 

During these experiments the observatign was also made that the blood 
pressure returned to its control level much more quickly than did the rat 
stomach strip. Since noradrenaline is more effective than adrenaline on 
the blood pressure, a change in amine ratio does not account for this. The 
observation prompted experiments on the accommodation of blood pres- 
sure and of the blood-bathed tissues to infusions of amines. This showed 
that the blood pressure would always accommodate, completely if time 
were allowed, although the rat stomach strip would never do so. An 
interesting parallel finding is the record, in the experiments reported by 
Blacket, Pickering & Wilson (1950), that rabbits which had become 
tolerant to the pressor effect of noradrenaline or adrenaline infusions had 
grossly distended viscera. If accommodation to the excitatory but not to 
the relaxant effects of these amines is possible, an explanation of adrenaline 


_ or noradrenaline ‘shock’ immediately appears, that this is due to the 


unopposed vasodilator effect of these drugs after tolerance has developed 
to the vasoconstriction. 3 

Finally, the possibility was explored in our experiments that the 
splanchnic-adrenal synapse might have a specific sensitivity to blocking 
agents, such that drugs might be found to paralyse it selectively, just as 
hexamethonium or decamethonium can be used at the ganglionic or 
neuromuscular synapses. By three tests, however, it resembled the 
autonomic ganglia with which it is homologous. First it was paralysed, — 
better by hexamethonium than by its C,, C;, or C, homologues. As with 
autonomic ganglia, block was produced more readily during sustained 
excitation than with brief bursts of excitation. Secondly, decamethonium 
was inactive. Thirdly, nicotine initially excited and then paralysed the 


‘synapses. Such a response is typical of ganglia, but unlike that of cat’s 


voluntary muscle, on which nicotine is almost devoid of competitive 
blocking action (W. D. M. Paton & E. C. Savini, unpublished). It is clear 
from the experiments by Feldberg et al. (1934) that the sensitivity of the 
synapse to block of an atropinic kind is rather small, and may, indeed, 
be not larger than that now known to exist at the autonomic ganglia. A 
selective blocking agent for the adrenal synapse, sparing the autonomic 


ganglia, would be of great interest and usefulness; but it seems that the 


faithfulness of the gland to its autonomic ancestry stands in the way of 
such a development. . 
SUMMARY 

1. The output of sympathetic amines from the cat adrenal gland in 
response to nerve stimulation was studied both by assay of the amines 
in adrenal venous blood, and by their effect on isolated assay tissues 
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(rat stomach strip, chick rectum) included within an extracorporeal 
circulation. 

2. The resting output of sympathetic amines ipabiilasls noradrenal- 
ine) falls after acute splanchnic-nerve section, but rises again in the 
absence of nerve stimulation. 

3. There is a threshold stimulation frequency for augmented amine 
release; thus excitation of the cut splanchnic nerve at 1/sec has virtually 
no effect unless prolonged for about 15 min; output is invariably raised 
with stimulation at a rate of 4/sec. 

4. With adequate rest intervals output increases approximately linearly 
with increasing frequency of stimulation up to a rate of 30-60 sec, after 
which output declines. At such rates about 60 shocks are needed to in- 
crease output significantly; in one experiment 13 shocks were effective. 
Increased output above control values may be found with stimulation | 
rates as high as 500/sec, given in a brief burst lasting 100 msec. It appears 
that two separate processes of interaction occur between successive shocks: 
the first on a short time scale lasting only 10 msec or less, the second much 
slower, with a peak at 30 msec, and lasting for 300-1000 msec. 

5. Fatigue of the response occurs if stimulation is either protracted 
(even at excitation rates as low as 4/sec) or if inadequate rest periods are — 
allowed between bursts.of 10 min stimulation at rates of 4~-32/sec ; this 
appears to be a synaptic fatigue. During prolonged stimulation, the out- 
put of adrenaline declined before that of noradrenaline. 

6. During a prolonged output of amines in response to halaiea nerve 
stimulation, or during an infusion of noradrenaline or adrenaline, the 
pressor blood-pressure response accommodates, but the relaxant response 
of the stomach strip does not. 

7. Ganglion-blocking drugs of the methonium series paralyse the adrenal | 
synapse, especially during sustained stimulation. A range of drugs was 
tested to see whether a selective blocking agent was likely to exist; but 
none was found. The splanchnic-adrenal synapse appears to have the pro- 
perties of autonomic ganglia with which it is homologous. | 


This. work was carried out during the tenure by one of us (E.M.) of a Medical Research 
Council Clinical Research vemenene” We are indebted to Mr om A. Green and his staff for 
technical assistance. 
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An osmolal solution in water may be defined as one whose freezing point 
is 1:86° C below that of water; such a solution is said to contain 1 osmole 
of solute in 1 kg water. In ideal systems an osmolal solution is also molal, 
and in the case of some non-electrolytes of small molecular size this ideal 
relation is virtually attained: thus lactose in 0-01 molal solution gives a 
molal depression of freezing point of 1-86° C, while with a 0-2 molal solution 
the molal depression is 1-88° C; hence the osmotic coefficient, that is the 
ratio of osmoles to moles, is effectively unity. Many other substances, 
however, do not exhibit this simple relation, and in these instances one 
osmole corresponds to the number of moles of the substance which, if 
added to 1 kg water, would depress the freezing point by 1-86° C. In the 
case of solutions of macromolecules the osmotic coefficient may greatly 
exceed unity. Thus Adair (1929) has found that the osmotic pressure of 
haemoglobin solutions is greater than would be expected from the molarity. 
He shows that in a solution containing 2 mm haemoglobin the osmolarity is 
not 0-002 but 0-003, the osmotic coefficient being 1-5; while the osmolarity 
of a 5 mM solution (5:2 m-molal) is 0-0175 and the osmotic coefficient of the 
haemoglobin is 3-4. Thus as the concentration rises from 2 to 5-2 m-mole/ 
kg water, the osmotic coefficient increases progressively. There are ap- 
parently no figures for the osmotic coefficients of haemoglobin at higher 
concentrations, and since the movements of haemoglobin molecules are 
known to become restricted when the concentration exceeds that in normal 
red cells (Perutz, 1948) it seemed of interest to investigate the osmotic 
coefficients of haemoglobin at very high concentrations, within the range of 
increasing restriction of molecular movements. : 

In the case of the red cell it is possible to do this in ‘wo ways. First, 
when red cells are suspended in a solution of non-electrolyte like lactose, 
loss of anion, cation and water leads to considerable cell shrinkage, and in 
these circumstances osmotic coefficients exceeding 10 have been observed 
(Bolingbroke & Maizels, 1960) so that 13 m-mole haemoglobin in 1 kg water 
appeared to have an osmolality of 0-1. There was, however, considerable 
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uncertainty about the precise concentration of haemoglobin, because the 
space between the centrifuged shrunken and crenated cells is considerable, 
approaching 30% of the total volume after suspending cells for 3 hr in 
10% lactose solution at 37°C, and although in these experiments the 
amount of lactose in the centrifuged cell mass was estimated, it was not 
known how much of the lactose was in, on or between the packed cells. 
In the present paper this uncertainty has been partially remedied by 
measuring the intercellular (extracellular) space in columns of red cells 
centrifuged for 30 min at 20009, with albumin iodinated with ™I as 
marker (Gold & Solomon, 1954; Maizels & Remington, 1959a). It has thus 
been possible to define molal osmotic coefficients approximately for 
solutions of low salt concentration, containing between 5 and 20 m-mole 
haemoglobin/kg water. Secondly, when red cells are suspended in hyper- 
tonic solutions of sodium chloride they shrink, loss of water being accom- 
panied by little exchange of cation. In these circumstances it is possible to 
measure osmotic coefficients of haemoglobin in solutions containing a 
relatively high concentration of salts. 


METHODS 
Human red cells in lactose solutions 


Heparinized human blood was centrifuged for 10 min and 1 volume of cells suspended in 
50 vol. of lactose solution (6 or 10 g/100 ml.). The suspension was rocked for 3 hr at 37° C, 
and the cells were then separated by centrifuging for half an hour at 2000 g, in tubes whose 
upper portions were wide, and whose lower portions consisted of sealed, graduated and 
calibrated capillaries holding 0-1 ml. These samples were used for the estimation of Na, 
K, lactose, intercellular medium and haemoglobin content, each estimation being done in 
duplicate. pH was measured at 20° C with a glass electrode on a large haemolysed sample. 
Na and K were estimated with a flame photometer. Further details are given elsewhere 
(Maizels & Remington, 1959a, b), but certain points require fuller consideration here. 

Haemoglobin and water content. It was assumed that the normal fresh red cell contains 
34 g haemoglobin and 70g water/100 ml. Thus if the treated sample A contains 48 g 
haemoglobin/100 ml., its volume is 100 x 34/48 or 71% of normal, and its water content 
(70 -[100-71}/(71) or 57-5 g water/100 ml. Sample A may now be used as astandard, and if 
readings of similar dilutions of A and B in a photo-electric colorimeter are 300 and 285, the 
volume of B is 74:5 % of normal and its water content is 59-5 g/100 ml. In this way one 
measures not the absolute volume of the treated red cell, but its volume relative to that of the : 
normal cell. (The figures for water content are rounded off to the nearest 0-5 %.) 

181] albumin marker. Difficulty was encountered with some samples of this marker, which 
retained a proportion of surface-active impurity even after two successive treatments with 
10 volumes of washed normal cells (cf. Maizels & Remington, 1959a), so that a vessel in 


which such a sample had been counted might still give 10 %/, of the sample counts even after 


it had been well washed with water. The container of a satisfactory sample, on the other 
hand, gave a count after washing which was little more than the background count. It was 
therefore decided that a suitable sample after treatment with a large excess of red cells to 
remove surface-active impurities, ought to give a standard value for trapped intercellular 
medium, when centrifuged with normal cells, of less than 2-2 %. The reason for this is as 
follows: when a solute is added to a suspension of cells, it may be distributed in, on or 
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between the cells, and that substance which gives the lowest content in centrifuged cells 
is the one most likely to be limited to the intercellular space. Such a substance is Evans 
blue, which forms a complex with albumin, the Evans blue-albumin space corresponding 
to 2% of the packed cell mass (Maizels & Remington, 1959a). Evans blue was not used in 
the present experiments because lactose-treated cells are fragile, and haemoglobin shed 
during the procedure interferés with the estimation of the Evans blue. 

pH. The cells were haemolysed in an equal volume of saponin solution (0-06 g/100 ml.) 
whose pH was adjusted to 7-1; the saponin solution was virtually unbuffered. The pH of this 
haemolysate agreed closely with the pH of the cells haemolysed by freezing, the differences 
in three experiments being 0, +0-02 and —0-03 units. It is likely that the pH of haemo- 
lysed cells approximates to that of the interior of the intact cells: thus with an external pH 
of 7-42, the pH of haemolysed cells which had previously been cold-stored and then incu- 
bated was 7:26 at 37°C (Harris & Maizels, 1952), while the pH of haemolysed cells from 
three fresh blood specimens averaged 7:24 (unpublished results); this compares fairly well 
with Henderson’s (1928) figure of about 7-12, calculated from the CO, and base-bicarbonate 
concentrations of intact cells. 

Cells in NaCl solution 


Cells were thrice washed in large amounts of NaCl solution to remove CO, and bicarbonate, 
and 1 vol. of cells was then suspended in 9 vol. of NaCl solution (0-1—0-45m) containing 2% ~ 
serum albumin (for buffering) and also 5 mm-NaF to inhibit residual glycolysis. The pH was 
adjusted to 6-8, but in spite of the preliminary washing the pH of the suspension rose 
slightly and ‘cell’ pH varied between 6-8 and 6-95. The centrifuge tubes used were similar to 
those already described, but the narrowed stem held 1 ml. instead of only 0-1 ml: the 
suspension was centrifuged as soon as the adjustment of the pH was completed, and the cells 
and supernatant analysed. 

Water content. The centrifuge tube was washed and carefully dried down to the upper face 
of the red cell column. It was then weighed, dried to constant volume at 105° C, and weighed 
again. Figures for the water content agreed well with the calculated values based on the 
haemoglobin content, except in the case of shrunken cells where direct estimation gave 
figures 1-2 % higher than the theoretical values. The reason for this is obscure, but the 
finding might arise from loss of cell material on shrinking in grossly hypertonic media. 

For the estimation of water content, it was thought that 1 ml. cells was necessary to give 
reasonable accuracy; hence the use of wide-stemmed tubes. But as these tubes only held 
10 ml. it was necessary to use a 10-15 % cell suspension, and to ensure comparable packing 
of cells subjected to other tests similar strong suspensions were used throughout, and were 
centrifuged in similar tubes. It follows that while with a 2% cell suspension in lactose 
solution it may be assumed that the concentration of the accurately preparéd medium 
remains constant throughout, with a 10 or 15 % cell suspension changes in cell volume will 
alter significantly the water content of the medium, and at the end of an experiment it was 
necessary to analyse both cells and medium. In addition, there were insufficient. cells for 
duplicate tests. This introduces additional and significant sources of error. 

Chloride was estimated by the wet-ashing method of Claudius (1924), because electrometric 
titrations, in a protein-rich haemolysate containing stromata, seemed to give a rather vague 
end-point. 

Experimental errors 

For cells in lactose solution with very low cation contents, the standard errors of the 
methods as judged from duplicate observations were as follows: Na+2-1%, K+1-6%, 
lactose +2-3% and haemoglobin + 1-6 %. The error in estimating ™I-albumin was rather 
high, because no scintillation counter was available, and with a liquid counter counts 
totalled about 2000, giving a counting error of + 2:2 %, with an over-all error for duplicates 
of +3:1%. For cation-rich cells in NaCl media, the s.z. for duplicate estimations (done on 
cells in narrow tubes) was for Na+1-0% and for K+0-7%. For chloride the error .was 
+1-4%. Other errors inherent in the various assumptions made are discussed later. 
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RESULTS 


This section is concerned with the composition of cells incubated in 
various media, and with the calculation of the osmotic coefficients. 


| Red cells incubated in lactose media 

Composition of cells | 

Results are shown in Table 1. The findings are similar to those recorded 
by Bolingbroke & Maizels (1960). In addition the Table shows the ™I- 
albumin space, that is, the percentage of the centrifuged cell column pre- 
sumed to be occupied by extracellular “I-albumin marker. The space is 
small for cells suspended in lactose solution for 1 hr, and increases with the 
duration of incubation; it is also much greater with cells suspended in 10 % 
lactose medium than in 6% lactose medium. As a result, although the 
apparent volumes of cells shrunken and crenated in 6 and 10% lactose 


TaBie 1. Changes in human red cells incubated in lactose media 


External lactose External lactose 
0-186 osmolal, 0-311 osmolal, 
Incuba-' (6%, w/v) (10%, w/v) 

time No. of No. of 

. (hr at obser- obser- 

37° C) Mean+s.p. vations Mean+s.p. vations 
V 0 1-11 2 0-86 3 
Cell pH at 20° C 0 7-52 2 7-51 3 
Total lactose space (%) 0 2-6 2 3-3 2 
81J-albumin space (%) 0 1-5 2:1 
Restricted lactose space (%) 0 1-1 l 1-4 1 
. Na (m.equiv/l. cells) oe 9-0 2 8-1 3 
K (m-equiv/l. cells) 0 75 2 102. 3 
V l 0-73 2 0-71 3 
_ Cell pH at 20°C l 7:13 2 7:13 3 
Total lactose space (%) l 6-4 2 16-9 3 
#*1]-albumin space (%) l 3°6 l 12-8 1 
Restricted lactose space (%) 1 2-8 l 3-2 1 
Na (m-equiv/1. cells) l 4-4 l 3 
K (m-equiv/l. cells) 1 24-1 2 14-9 3 
V 3 0-7140-029 12 0-72+0-028 10 
Cell pH at 20° C 3 6-944+0-07 12 6-88+0-06 10 
Total lactose space (%) 3 9-0+1-4 12 23-7 + 2:6 10 
‘81T.albumin space (%) 3 5-8+1-0 18-8 + 2°8 6 
Restricted lactose space (%) 3 314015 6 6 
Na (m-equiv/l. cells) 3 . 2640-63 12 2-4+0-54 10 
K (m-equiv/l. cells) 3 12-7433 12 76422 10 


Note: (i) V is the ratio of the cell volume to the volume of the fresh normal cell. (ii) The 
‘31]-albumin marker is assumed to be extracellular, and the space it occupies is expressed as 
a percentage of the packed cell volume. The ‘restricted lactose space’ is obtained by 
_ deducting the 1‘I-albumin space from the corresponding total lactose space. As there are 
10 or 12 observations on total lactose space and only 6 on the '*4I-albumin space, only 6 of the 
former can correspond with the latter: hence the apparent discrepancy between the restricted 
lactose space and the difference between the total lactose space and the 131]-albumin space 
recorded in the table. 
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solutions (estimated from the haemoglobin contents of standard dilutions 
of centrifuged cells), are after 3 hr roughly the same, about 71% of the 
normal cell volume, the true net volume of the cell in 6% lactose (at 
present regarded as the apparent volume minus the “*I-albumin space) is 
about 63°, while in 10% lactose solution it is only about 49°% of the 
volume of the fresh normal cell. 

Table 1 also shows that the lactose content of centrifuged red cells 
exceeds that which could be accommodated in the “'J-albumin space 
(excess lactose). This may be explained in one of three ways (Maizels & 
Remington, 1959a): (a) the excess lactose is extracellular and is distri- 
buted in a ‘restricted’ space available for small molecules, but not to such 
large molecules as ™J-albumin (or the Evans-blue—albumin complex) ; 
(b) the excess lactose is adsorbed at the cell surface; (c) the excess lactose 
has penetrated the cell. Clearly if the excess lactose is in or on the cell, 
then no restricted extracellular space exists at all. The matter is considered 
again later: for the present it is convenient to envisage a ‘restricted 
lactose’ space which increases slowly throughout incubation, and is rather 
higher with cells in 10% lactose solution than with those in the 6 % medium 
(Table 1). 

Effects of lowering the lactose concentration of cell suspensions after a 
preliminary 3 hr period of incubation. The true haemoglobin concentration 
of cells (as distinct from the haemoglobin concentration of the centrifuged 
cell mass) is about 14 m-mole/kg cell water for suspensions in 6% lactose 
medium and about 20 m-mole/kg for suspensions in 10% lactose medium, 
and the experiments so far described are incapable of giving data for the 
composition of cation-depleted cells whose haemoglobin is less than 
13 m-mole /kg water. This defect cannot be remedied by incubating cells in 
media containing less than 6% lactose because haemolysis occurs, but it 
may be overcome by first depleting the cells of cation in 6 % lactose solution 
and then adding distilled water after 3 hr; providing that mixing is 
thorough and rapid very little lysis now occurs, and cells may be obtained 
with only 5 m-mole haemoglobin/kg water. 

_ If 1 vol. of a 3 hr suspension in 6 % lactose solution is mixed with 3 or 
4 vol. of water at room temperature, the external medium becomes acid 
(pH 6 approx.), whether because of CO, in the large volume of water added 
or from some other cause has not been determined, but the effect is to 
induce marked agglutination of the cells. This may be avoided by first | 
adding enough dilute alkali to the water to bring the pH of the suspension 
to about 7. The effects of suspending red cells in very dilute lactose solution 
are shown in Table 2: it takes about 15 min to concentrate large volumes 
of cell suspension before the ultimate 25 min centrifuging is begun and for 
this reason initial records in the Table are designed ‘0-15 min’. 
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It will be seen that when the dilution of the lactose medium is marked, 
definite swelling of the cells occurs and may well be maximal for the 
particular lactose dilution used, because after the initial observation at 
‘0-15 min’, no further swelling occurs; indeed at ‘55-70 min’ there is a 
slight but consistent shrinkage of the cells accompanied by loss of Na and 
K and possibly of other osmotically active substances. 


TABLE 2. Composition of red cells incubated in grossly hypotonic lactose solution. The cells 
were incubated in 6 or 10 % lactose solution for 3 hr-at 37° C; distilled water was then added 
and the suspension re-incubated 


External Cells 
lactose 
(osmolality Time Cation 1siy Lac- Hb 
after the at (m-equiv/l.) albumin tose NaX +KX (m-mole/ Osmotic 
addition of 37°C space space (osmol- kgeell  coef- 


No. extra-water) (min) Y. Mm (%) (%) ality) water) ficient 


la 0-186 0-15 Q:70 2:37.11:0 5-4 7:9 0-056 15-1 8-7 
b 0-093 0-15 0-80 1-65 7:8 — 6-6 0-031 “Se 5-4 
0-093 55-70 0-78 1:35 65 — — 
d 0-0465 0-15 1:02 1:34 5-9 3°7 6-5 0-0225 7:8 3:1 
e ‘00465 55-70 0-99 1:18 5-0 
f 0-0372 0-15 1:16 1:25 5-1 — 7:8 0-019 6-7 2-7 
g 00372 55-70 1-13 0-96 4-4 — — 

2a 0-311 0-15 . 0-72 1:35 4-5 — 23:2 0-033 20-0 13-9 
b 0-124 0-15 0-75 1:00 301 — 10-0 0-016 13-6 7:9 
c 0-078 0-15 083 095 2:90 — 10-2 0-0145 11-4 56 
d 0-052 0-15 0-97 0-75 247 — 8-2 0-0107 8-7 4-7 


V = ratio of treated cell volume to normal cell volume. It is assumed that at the cell 
pH of 6-9, cell Na and K are not combined with haemoglobin, but form the highly dissociated 
salts NaX and KX. It is also assumed that the lactose in the centrifuged cell column is all 
extracellular. Water corresponding to the lactose space has been deducted from total water 
in the cell mass when calculating the osmotic coefficients. 


It might be expected that as the cells swell in grossly hypotonic media 

the lactose space would diminish owing to obliteration of crenation, but in 
_ fact some crenation may be detected microscopically even in the swollen 
cells, and this probably accounts for a lactose space which is consistently 
greater than the lactose space of 3°%, in centrifuged fresh normal cells 
(Table 2). It is probable that the almost complete removal of cation from 
the cells accounts for their ability to survive in a solution of lactose whose 
tonicity is only one eighth of the tonicity of the normal red cell. 


Calculation of osmotic coefficients” 
This involves certain assumptions. 
(a) The first is that the osmotic pressure of red cells and an external 


medium are the same: This is certainly true of normal red cells, for, as_ 
Sidel & Solomon (1957) and Paganelli & Solomon (1957) have shown, the 
exchange rate of water is several hundred thousand times faster than the 


exchange rate for cations, and though passive cation penetration may be 
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10-20 times faster than in normal cells, it would still be true to say that 
osmotic adjustments are virtually instantaneous, provided that the rate of 
water exchange is not decreased very greatly. This view is supported by 
Table 2, which shows that when water is added to a suspension of cells 
shrunken in lactose solution, cell swelling is probably complete at 
‘0-15 min’, and thereafter slight shrinking occurs, presumably from con- 
tinued loss of cation. The possibility exists, however, that though capable 
of swelling in water, the greatly shrunken cell is incapable of further 
shrinking in a relatively hypertonic medium; if so, this, together with the 
relative or absolute impermeability to lactose, would prevent the adjust- 
ment of the osmotic level of the cell up to that of the external medium. 
Such an explanation could only apply to No. 2a of Table 2, because the 
cells of all the other suspensions already contain far more water than 2a, 


and could presumably adjust their osmotic pressures to that of the 


_ external medium by a further loss of water. Moreover, in spite of the low 
cation content of the lactose-treated cell, it is difficult to see how its osmotic 
pressure could have fallen below that of the external medium after 3 hr at 
37°C, because the tonicities of the red cells and medium at the start of 
incubation were the same, and in these circumstances a relative decline in 
the osmotic pressure of the cells during incubation is not to be expected. 
In fact, the exact opposite occurs, because owing to the raised osmotic 
coefficient of haemoglobin in concentrated solution the osmotic pressure 
of the cells tends to rise, and isotonicity of cells and medium is only main- 
tained by the passage from the cells of a grossly hypertonic effluent; this is 
discussed later. | 

(b) One of three assumptions may be made regarding the location of 
lactose in the column of centrifuged red cells (Maizels & Remington, 
1959a). (i) The lactose may be extracellular, constituting a ‘lactose space’, 
part of this space being ‘free’ and corresponding to the "J-albumin space, 
and part being ‘restricted’ and inaccessible to large molecules. If this is 


so, then both spaces (and especially the ‘free space’) increase during 


incubation in lactose solutions (Table 1), increase of the ‘free space’ 
presumably being due to gross crenation, and of the ‘restricted space’ to 
the development of minor irregularities in the cell surface. (ii) Part of the 
lactose corresponds to the *I-albumin space, and the rest (extra lactose) 
is adsorbed at the cell surface: hence the lactose does not contribute to the 


osmotic pressure of the cells. There is no reason to suppose that this occurs, — 


but the possibility cannot be excluded. (iii) The extra lactose has pene- 
trated the cell; if so, an allowance must be made for its contribution to the 
osmotic pressure of the cell, while to obtain true cell water, water in the 
‘31]J-albumin space must be deducted from total water in the centrifuged 
mass. It may be noted that in the case of fresh cells in saline media con- 
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taining lactose as ‘marker’, no obvious penetration of lactose occurs, the 
lactose space being 3% of the packed cell volume at 0 hr and also at 1 hr; 
this conforms with Kozawa’s (1914) view that lactose does not penetrate 
human red cells. Separate calculations have been made with each of the 
three assumptions mentioned, and these are represented in Fig. 2. Values 
for the osmotic coefficient in Table 2 and Fig. 1 are based on the assump- 
tion that all the lactose is extracellular. 

(c) The pH of the cell haemolysates measured at 20° C, after cells had 
been incubated for 3 hr in lactose medium at 37°C, is about 6-9. It is 
assumed that the pH of haemolysate approximates to that of the interior 
of the unhaemolysed cell (see Methods), and that in these circumstances 
haemoglobin within the cells is not combined with ions. 


12+ 


° 


Osmotic coefficient 


° 
2 


Haemoglobin (m-mole/kg cell water) 


Fig. 1. Osmotic coefficients of haemoglobin in cells suspended .in lactose solutions 
at 37° C, plotted against the corresponding m-molal concentrations of haemoglobin. 
It is assumed that all the lactose in centrifuged red cells is extracellular. 


(d) It is assumed that the osmolality of Na and K salts within the cells 
is 1-9 times the molality of Na+K. This is correct for NaCl and KCl in a 
concentration of less than 0-02 m-molal, but if, as is possible, the cations 
are combined with phosphoric esters, the osmotic coefficient of the com- — 
bined Na+K salts is virtually unknown. By analogy with inorganic 
phosphate this might be about 1-5 (Landolt-Bornstein’s Tables, 1960), in 
which case the oe osmotic coefficients in Figs. 1 and 2 will be about. 

5% too low. 

_(¢) It is assumed that the satelite of lactose equals the molality; 
thus a solution of lactose 10 g/100 ml., containing 293 m-mole/!. solution or 
311 m-mole/kg water, is assumed to have an osmolality of 0-311. 
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(f) Packed normal red cells after centrifuging for 30 min at 2000 9 
are assumed to contain 340 g haemoglobin and 700 g water/l. Alterations 
in cell volume and water content are calculated from changes in the 
haemoglobin content (see Methods). 

(g) It is assumed that there is no significant liberation of osmotically 
active substances when red cells are incubated for 3 hr at 37°C. Clearly, 
any diffusible product of autolysis or any acidic product would not affect 
the calculation of the osmotic coefficient. It is true that Conway & 
McCormack (1953) have shown that with such highly organized tissues as 
diaphragm the freezing-point depression increases considerably when the 
tissue is macerated at room temperature. Nevertheless, when human red 
cells are incubated in a large volume of glucose-free electrolyte medium, 
increase in volume is usually less than 5° in 3 hr and is associated with a 
corresponding increase in cell base. This conforms with earlier results of 
Flynn & Maizels (1950) where human red cells were maniacs ine for 18 hr in 
non-nutrient electrolyte media. 

If these assumptions are accepted, then the osmotic coefficients may be 
calculated from equations (1) and (2) below: 


Apparent excess external osmotic pressure (OP) 
= external OP— apparent cell OP = L,—1-9(Na+K),/w, (1) 


where JL, is the external lactose in m-osmole, (Na + K), is the sum of Na + K 
in m-equiv/l. cells and w is the true cell water content, that is, the total 
water in packed cells less the water in the total lactose sith The molality 
of haemoglobin is calculated as follows: 


[Hb] (mole/kg cell water) = 340/(V x w x 66,700), (2) 


where V is the ratio of the cell volume to the normal cell volume. Then the 
osmotic coefficient = (excess OP)/Hb molal. Data calculated in this way 
are shown in Fig. 1. 


Errors 


These fall into two groups: experimental errors, which are variable, and 
errors arising from the possible incorrectness of the assumptions given 
above. 

Summation of experimental errors. For osmotic coefficients of 10 or more, 
errors in the values obtained for (Na+K) are of little significance, while 
errors in the estimation of haemoglobin alone may contribute an over-all 
error of +6%. In view of'the number of terms in the relevant equations, 
it is not surprising that the summation of standard errors is about + 11%. 
For less shrunken cells, with osmotic coefficients of 5 or less, errors in 
haemoglobin estimations are less significant, while errors in estimating © 
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Na+K are more serious. In this group the s.z. is about +17%. The 
scatter of points in Fig. 1 is an indication of the degree of experimental 
error. 

Errors due to unjustifiable assumptions. It has been assumed that at the 
experimental pH (6-9 when measured at 20° C), all cell Na + K is combined 
with chloride, and that the osmolality of Na+K is 1-9 times the value of 
Na+K in m-equiv/I. cell water. If Na+K were in fact chiefly combined 
with phosphate, an error is introduced which has already been considered. 


14 
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Fig. 2. Mean values of the osmotic coefficients of haemoglobin in red cells suspended 
in lactose solutions. A assumes that all lactose in centrifuged cells is extracellular; — 
B assumes that lactose in excess of that present in the *I-albumin space is adsorbed ; 
C that the excess lactose is within the cell and contributes to its osmotic pressure. 
D is calculated from Dick & Lowenstein’s (1958) virial equation (see text). 


If, however, cell cation in lactose-treated cell were mainly combined with 
substances of low osmotic activity, including stroma proteins or other 
macromolecular structures, then the osmolality attributed to the cells 
would be too high, and the osmotic coefficients too low. Thus osmotic 
coefficients of about 12 would be 9° too low and osmotic coefficients of 
about 3 would be 30% too low. However this may be, errors arising from 
unjustifiable assumptions would not affect the general shape of the curve, 
and most of the conclusions reached would-still be valid. 


Values for the osmotic coefficients of haemoglobin — 

The molal osmotic coefficients obtained for haemoglobin in intracellular 
fluid containing 10-20 m-equiv Na + K/kg water are shown in Fig. 1. The 
cata so summarized are derived from three sources: (a).cells incubated for 
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3hr at 37°C in 10% lactose solution giving coefficients of about 12, 
(b) cells in 6% lactose solution giving coefficients of about 8, and (c) cells 
incubated for 3 hr in 10 or 6% lactose solutions followed by the addition 
of water. In this way it was possible to vary the volume of the cell and 
hence the concentration of haemoglobin, thus obtaining a whole range 
of osmotic coefficients from 1-8 upwards. It will be seen that there is 
a good deal of scatter, but it is clear that the osmotic coefficient rises 
progressively with increasing concentration of haemoglobin, and that in a 
system containing 18 m-mole haemoglobin/kg water (0-018 mole) the 
osmolality of haemoglobin is about 0-23. 

Curves A, B and C of Fig. 2, based on the several possibilities of lactose 
distribution in packed red cells centrifuged from a suspension in lactose, 
have already been discussed; curve D shows the values of the osmotic 
_ coefficients calculated from Dick & Lowenstein’s virial equation (1958), 
with the constants adapted to millimolal concentrations of haemoglobin 
and not to g/ml. The equation now becomes: 


osmotic coefficient = 1+ 0-106[Hb] + 0-020[ Hb}?. 


Dick & Lowenstein’s curve is based on Adair’s (1929) experimental data 
for the osmotic pressure of haemoglobin in concentrations up to 7 m-mole/ 
kg water. Curve D shows extrapolation far beyond this point. Having 
regard to this and other matters discussed later, it may be said that there 
is reasonable conformity between curves A and D. : 


Composition of the effluent from red cells suspended in lactose solution 

The tendency for the osmotic pressure of red cells in isotonic lactose 
solution to rise was noted by Bolingbroke & Maizels (1960), who based 
their views on the observation that the effluent from the cells in the process 
of shrinking had a higher tonicity than that of the original cells or of the 
medium in which they had been suspended. Their figures, however, were 
too high because they took no account of the fact that trapped intercellular 
water increases as cells shrink, so that the actual loss of water is greater 
_ than is suggested by the simple decrease in the apparent volume of the 
cells, as judged by changes in the haemoglobin content of the centrifuged 
cell column. If now calculations are based on the more complete data set 
out in Table 1, it may be shown that in 3 hr cells lose 90 m-equiv Na + K/I. 
original cells (0-86 x 110—0-72 x 10-0) together with 282 ml. water (140 ml. 
by manifest shrinking and 142 ml. by shift of water from within the cells 
to the extracellular space). Hence the effluent contains 90 m-equiv 
Na+K in 282 ml. water or 312 m-equiv Na+K/1. water, compared with 
168 m-equiv Na + K/I. cell water at Ohr. Its osmolality is thus considerably 
in excess of that of the original cells, and also of the medium in which they 
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were suspended. Thus the value, though less than Bolingbroke & Maizels’ 
original figure, is still very high, and the finding can only mean that as the 
red cell shrinks in isotonic lactose solution its osmolality tends to rise, and 
equilibrium is maintained by the discharge of a hypertonic effluent. 


Red cells in hypotonic, isotonic and hypertonic sodium chloride solutions 
Changes in the cells 


In these experiments suspensions of red cells (about 10°) were prepared 
in solutions containing 105, 155, 350 and 450 mm-NaCl. As the pH of 
suspensions varied between 6-8 and 6-95, the distribution of water between 
cells and medium varied slightly. Moreover, albumin added as buffer 
contained variable traces of NaCl. Hence the Na concentration of any 


TABLE 3. Observations on human red cells thrice washed in isotonic NaCl solution, then 
suspended in NaCl solutions of varying tonicities containing 2% serum albumin (w/v), and 
centrifuged immediately at 2000 g. pH of the suspending medium 6-9; temp. 20° C 


External Red cells 
medium r - A ~ 
Na+K Lactose  Na+K Haemoglobin 
(m-equiv/kg space (m-equiv/kg (m-mole/kg Osmotic © 
water) V (%) water) water) coefficient 
110 1-3] 3-0+0-3 108 5-3 2-4 
159 1-03 3:-4+0°3 153 7:3 3:3 
340 0-70 4-3+0-4 286 13-4 8:5 
430 0-65 5-6+0-6 330 15-9 12-0 


V = ratio of cell volume to the volume of fresh normal cells. For measuring the lactose 
space, lactose | g/100 ml. was added to the external medium and the concentration of NaCl 
reduced accordingly. Cell Na+K and haemoglobin have been corrected for intercellular 


_ water. Lactose space measured in 6 expts. Other data from 10 expts. 


particular medium varied slightly from one experiment to another. For 
this reason only the average findings of 10 experiments are shown in 
Table 3, except in the case of data concerning the intercellular space. It 
will be seen that as the external cation concentration is raised the inter- 
cellular space increases moderately, the excess of external Na+K con- 
centration over the cell cation concentration also increases, and the osmotic 
coefficient rises sharply. 


Calculation of osmotic coefficients 


The assumptions are similar to those made earlier, but the calculation is 
less satisfactory, because while in lactose-treated cells the absolute amount 
of anion and cation is very small, the anion and cation contents of cells in 
NaCl media are high, and in the thrice-washed cells about 18 % of cation is - 
combined with phosphoric esters ; this requires further consideration. From 
Farmer & Maizels’ (1939) data it appears that at pH 6-9, 1 atom P in cell 
phosphoric esters binds 1-8 m-equiv cation. Such dissociation constants of 
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these esters as are available suggest that the osmotic coefficients of their 
salts will be similar to those of inorganic phosphate at the same pH. But 
there seems to be no information about the osmotic coefficients of inorganic 
phosphate in the presence of high concentrations of chloride, nor indeed is _ 
it clear how the true concentration of phosphate may be assessed in the 
presence of high concentrations of haemoglobin. For NaCl and KCl in 0-1 
molal solution an osmotic coefficient of 1-85 will suffice and for 0-4 molal, 
1:78. For similar solutions at pH 6-9 containing 20% of cation combined 
with phosphate it is suggested that this amount of cation multiplied by 
1-5 will give the osmolality of phosphate salts in NaCl solutions of lower 
cation concentrations, while a factor of 1-4 may be used for high concentra- 
tions (see phosphate data in Landolt & Bérnstein’s tables, 1960). Since the 
chloride content was estimated in all these cases, osmolality may be 
calculated as follows: Suppose cells contain 150 m-equiv Na+K and 
120 m-equiv Cl/kg water, 120 m-equiv Na+K will be combined with Cl, 
and it is assumed that the residual 30 m-equiv Na+ K are mainly combined 
with phosphate; hence the osmolality is taken as (120 x 1-84+ 30 x 1-5)/ 
1000 or 0-266. Osmotic coefficients are calculated as before and equal the 
excess of external over apparent cell osmolality divided by the haemoglobin 
in m-mole/kg cell water. Values for cell constituents are corrected for the 
presence of trapped intercellular medium, as measured with 1 °%% lactose 
added as indicator substance. | 


Errors 


_ Errors arising from the preceding are not formidable. Thus if the extreme 


- assumptions be made that the phosphate factor of 1-4 has an absolute error 


of +0-15 and that the equating of phosphate-bound cation with 


_ [Na+K]-{Cl] has an error of +20%, then it may be shown that the 


maximum error from this source is + I for osmotic coefficients of 9 and 
+0-9 for coefficients of 12. It’is in fact unlikely that errors would be as 
great as this or that they would be additive. A more serious error arises 
from the fact that in this group of experiments calculation of the osmotic 
coefficients involves a figure which is the difference of two relatively large 
values. Thus in the example given above, where the osmolality of the cells 
was 0-266, the external osmolality would be about 0-286, and experimental 
errors might contribute +0-0045 to the difference of 0-020 calculated, 
corresponding in this case to a coefficient of 3+ 0-7. In the case of cells in 
hypertonic NaCl with an apparent osmolal difference of 0-2 this source of 
error is much less significant, affecting osmotic coefficients of about 10 by 
+0-5. In fact, the probable over-all error at this level is about 0-9, i.e. 
10 + 0-9; for coefficients of 2 or 3, the error is also about + 1. 
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Osmotic coefficients 

These are summarized in Table 3. The values for the osmotic coefficients 
there are calculated from the mean values shown. In order to obtain the 
s.D. it is necessary to plot the data of each experiment and read off the 
osmotic coefficients corresponding to 5, 7, 13 and 16 m-mole haemoglobin/ 
kg cell water. The means and s.p. of these may then be calculated. For 
Hb 0-005 molal, the osmotic coefficient was 22 + 1-0; for Hb 0-007 molal, 


as 


Osmotic coefficients 
—_ 
T T T T 
e* 


e 


Haemoglobin (m-mole/kg water) 


Fig. 3. Osmotic coefficients of haemoglobin in cells suspended in NaCl solutions at 
20°C. Data have been corrected for the extracellular space as measured with 
lactose. The curve shows mean values. 


3:24 1-0; for Hb 0-013 molal, 8-2 + 1-2; for Hb 0-016 molal, 12-0+1-1. In 
view of all the assumptions made, it will be clear that these figures are 
quite approximate, but they suggest that the osmotic coefficients of 
haemoglobin in cells in NaCl solutions with a high concentration of cell 
electrolyte do not differ greatly from the osmotic coefficients of haemo- 
globin in cells suspended in lactose media, where the cell concentration of 
cation is low. : 


DISCUSSION 


Figures 1 and 2 and data in the preceding section show that the osmotic 
_ coefficients of haemoglobin rise progressively with increasing concentra- 
tion of haemoglobin, the data conforming with Dick & Lowenstein’s (1958) 
virial equation based on Adair’s (1929) figures. When it is recalled that 
Adair used pure haemoglobin solutions at 0° C, while the present experi- 
ments were conducted at 37 or 20° C with intact cells containing stroma and 
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lipids equal to one-tenth the weight of haemoglobin (Maizels & Paterson, 
1937), it is not surprising that there is some divergence between the 
respective curves. Moreover, the virial equation has been based on Adair’s 
data for haemoglobin concentrations between 0 and 7 m-mole/I. solution, 
while curve D (Fig. 2) has been extrapolated to 18 m-mole/kg water. With 
this in mind, and also the relatively high error of the present methods, it 
may be said that for concentrations between 5 and 18 m-mole/kg water 
satisfactory agreement exists between the curve for osmotic coefficients 
obtained experimentally by the present methods, and the extrapolation of 
Adair’s data as obtained from Dick & Lowenstein’s equation. It thus 
appears that the osmolality rises disproportionately with increasing 
concentration of haemoglobin, and the osmotic coefficients increase 
continuously with concentrations of haemoglobin up to 20 m-mole/kg 
water. | 

No attempt will be made to explain the present findings in terms of 
‘bound water’, for, as Ogston (1956) has emphasized, the concept that each 
solute molecule has a sharply limited sphere of influence implies a know- 
ledge of causal factors which does not, in fact, exist. So too, Dick (1959) 
in a review of the osmotic behaviour of living cells, has pointed out that 
the ‘osmotic coefficient’ has the advantage of being an empirical term, 
which does not suggest any particular theory of mechanism. In many real 
solutions the osmotic coefficient, like the activity coefficient, shows marked 
variation with concentration, and in the case of haemoglobin this is evident 
in the equation quoted by Dick & Lowenstein (1958): | 


= 14+Axr+ 


where ¢ is the osmotic coefficient of haemoglobin, x its concentration, and 
A and B are arbitrary constants. | 

The anomalous rise in the osmotic pressure of proteins with concentration 
is attributed to the marked increase in the entropy of mixing which arises 
from disproportion between the small molecules of the solvent and the 
large molecules of solute. The subject is discussed by Dick (1959), who also 
gives references, and will not be considered further here. It is, however, 
pertinent to consider the state of haemoglobin within cells. Perutz (1948) 
calculates that in the normal red cell with a haemoglobin content of 
34 g/100 ml. cells (7-3 m-mole/kg water), the average distance between 
molecules is 75 A. He suggests that this would just permit free rotation of 
cylindrical molecules whose effective dimensions are 63 A diameter and 
40 A height (including a monomolecular layer of ‘bound water’ 3 A thick). 
More recently Perutz,: Rossman, Cullen, Muirhead, Will & North (1960) 
have described the haemoglobin molecule as a spheroid 64 A long, 55 A 
wide and 50A high. This would require 64+6 or 70A for free rotation, 
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corresponding to 9 m-mole/kg water. It follows that the continuous rise 
in the osmotic coefficient is associated with an increase in the concentration 
of haemoglobin molecules, whether these are free to rotate at concen- 
trations below 9 m-mole/kg water, or whether they suffer increasing 
restriction of movement at concentrations above. In fact, with concen- 
trations of 20 m-mole haemoglobin/kg water, where the osmotic coefficient 
is still rising (Fig. 1), the average distance between molecules is only 64 A 
and molecular movements must be very restricted indeed. 


Biological effects of the increase in the osmotic coefficients of haemoglobin with 
concentration 


Maizels (1935) invoked bound water to explain the observation that 
when red cells are shrunken in hypertonic NaCl solution, the apparent 


electrolyte concentration in cell water is far less than in the external 


medium, while Roepke & Baldes (1942) attributed the high vapour 
pressure of shrunken red cells to the anomalous osmotic coefficient of 
haemoglobin in high concentration, basing this view on Adair’s (1929) 
data. Again, it has long been known that red cells in hypotonic solution 
swell less and in hypertonic solution shrink less than would be expected 
from simple osmotic considerations, and Dick & Lowenstein (1958) have 
shown that this finding may be ascribed to variation in the osmotic co- 
efficient of haemoglobin at high and low concentrations. 

In the anaemias the haemoglobin content of red cells may fall to 20 g/ 
100 ml. or less, water increasing correspondingly. Since the plasma salt 
concentration is about normal, cell cation must rise to effect a balance and 
in severe cases this may be as high as 14% (Maizels, 1936). Moreover, with 
a decline in haemoglobin concentration from 7:5 to 3-7 m-mole/kg water, 
osmolality from this source alone falls by about 0-016 (6% of the total 
osmolality) and it must be assumed that the increase in cell cation is 
required to cover not only the rise in cell water, but also the fall in the 
osmolality of haemoglobin. In congenital haemolytic icterus, on the other 
hand, the reverse occurs (Maizels, 1936): haemoglobin may rise to 40 g/ 
100 ml. and water fall to 65 g/100 ml. with a rise in the osmolality of haemo- 
globin of 0-013, and it is likely that the fall in water content and rise in the 
osmolality of haemoglobin are together responsible for a fall in cation 
content per litre of cells, which may exceed 10%. 

Finally, a rising osmotic coefficient with increasing concentration is 
characteristic of all proteins, but so far as the present writers know, the 
pathological implications have not yet been explored. Clearly, in conditions 
of salt depletion such as may occur from vomiting or excessive sweating 
fall in the osmotic coefficient of cell protein will limit to some extent 
the amount of water that must enter the cells to effect compensation. 
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So too, in association with a cerebral lesion (Allott, 1939), or with the 
dehydration of infantile diarrhoea, a rise of plasma Na occurs which may 
reach 200 m-equiv/1. water; here a rise in the osmotic coefficient of the cell 
proteins could by itself account for 7% of the total osmolality of the 
cells, and in this way limit withdrawal of water from the tissues. 


SUMMARY 


(1) Red cells in a solution of non-electrolyte like lactose lose anion, 
cation and water, and shrink. They also become highly crenated so that the 
intercellular space among centrifuged cells increases, the increase varying 
with the duration of suspension and the concentration of the external 
medium. Thus in 6 % lactose solution the lactose space averages 6-4 °% at 
l hr and 9:0% at 3hr; in 10% lactose the value at 3 hr is 23-7%. The 
31]J-albumin space is 3-4 °% less than the lactose space and also increases 
with time. In view of the extent of the intercellular space (which is only 
2-3°% in packed normal cells), an allowance must be made for it when 
calculating the concentration of substances in the water of cells incubated 
in lactose media. 

(2) When red cells have been incubated | in lactose media, the osmolality 
of the external lactose exceeds the osmolality of Na and K salts within the 
cells. If it be assumed that the osmotic balance is maintained by haemo- 
globin, then since the concentration of haemoglobin is known, its osmotic 
- coefficient may be calculated. If the external concentration of lactose is 
varied, cell volume and hence the haemoglobin concentration alter: in this 
way data may be obtained for the osmotic coefficients of haemoglobin. 
When haemoglobin is 7 m-molal, the osmotic coefficient is about 3, and 
when haemoglobin is. 20 m-molal the osmotic coefficient is about 12 and 
_its osmolality 0-24. 

(3) As a result, when red cells shrink in lactose solution from loss of 
electrolyte and water, the osmotic pressure of the cells tends to rise, and 
osmotic equilibrium is maintained by the discharge from the cells of an | 
effluent whose osmolality is about twice that of the original cells and of the 
lactose medium in which they were suspended. 

(4) The concentration of haemoglobin in red cells has also been altered 
by suspending the cells in varying concentrations of sodium chloride. In 
these cells, which are relatively rich in electrolyte, the osmotic coefficients 
of haemoglobin do not differ greatly from the osmotic coefficients of 
haemoglobin in the electrolyte-poor cells of lactose suspensions, though the 
data suggest that they are perhaps somewhat higher. 
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CHANGES IN POTASSIUM CONCENTRATION AROUND MOTOR 
NERVE TERMINALS, PRODUCED BY CURRENT FLOW, AND 
THEIR EFFECTS ON NEUROMUSCULAR TRANSMISSION 
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Since the discovery of the spontaneous miniature end-plate potentials 
(Fatt & Katz, 1952), many conditions which alter their frequency have 
been found (temperature: Fatt & Katz, 1952; Boyd & Martin, 1956; 
Liley, 1956a; Takeuchi, 1958; osmotic pressure: Fatt & Katz, 1952; 
Furshpan, 1956; stretch: Hutter & Trautwein, 1956; tetanus: Liley, 19565; 
Brooks, 1956; Hubbard, 1959; electrotonus: del Castillo & Katz, 19540; 
Liley, 1956c; potassium ion concentration: Liley, 1956c; drugs: Brooks, 
1956; Kraatz & Trautwein, 1957; Furukawa, Furukawa & Takagi, 1957). 
These changes in frequency are believed to be due to the alteration of 
conditions at motor nerve terminals. 

At present recording methods do not permit direct measurement of 
electrical changes at motor nerve terminals. In the experiments to be 
described the frequency of miniature end-plate potentials was used as an 
index of changes in the motor nerve terminals produced by several experi- 
mental procedures. These were designed to alter the potassium concentra- 
tion around the nerve terminals and to detect the resultant changes in 
miniature frequency and neuromuscular transmission. For this purpose 
inward current was passed through the muscle membrane at the end-plate 
region. The evidence to be presented indicates that such current reduces 
the potassium concentration around the nerve terminals and in high- 
potassium medium produces significant changes in miniature frequency 
and in transmission. The related problem of the post-tetanic increase in 
miniature frequency has also been investigated. 


METHODS 


_ Experiments were performed on the sartorius muscle of summer frog (Rana pipiens) at 
room temperature (20—-23°C), The sartorius muscle was mounted in a lucite (methacrylate 
resin) chamber with a volume of about 4 ml. Bathing solutions were > changed by running ai 
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least 20 ml. of fresh solution through the chamber. The muscle was left for at least 10 min 
in each solution before measurement. 

Normal Ringer’s solution was used ‘of the following composition (mm): NaCl 115; KCl 
2-0; CaCl, 2-0, with added phosphate buffer to keep pH near 7-0. In addition, prostigmine 
bromide (1 x 10~* g/ml.) was used to increase the amplitude of miniature end-plate potentials 
(m.e.p.p.8). In order to increase the concentration of potassium, K,SO, was substituted for 
NaCl. In some cases the frequency of miniature discharge was increased by raising the 
osmotic pressure of bathing fluid by adding NaCl or sucrose to normal Ringer’s solution 
(Fatt & Katz, 1952), or by replacing sodium ions by ammonium ions (Furukawa et al. 1957). 

Micro-electrodes filled with 3 m-KCl were used for potential and current electrodes. The 
focus of an end-plate was located under microscopical controls by recording m.e.p.p.s of 


_ largest amplitude and steepest time course and superficial fibres were used for experiments. 


The current electrode was connected to a square-pulse generator through a 100 MQ resistor 
in series and was inserted within 100 » of the recording electrode. Electrical changes were 
recorded by a cathode-ray oscilloscope through a cathode follower pre-amplifier and d.c. 
amplifier. The membrane potential was measured from the cancelling potential which 
brought the potential beam back to the original position on the cathode-ray tube. In some 
cases end-plate current (e.p.c.) was recorded by use of the voltage clamp technique (Takeuchi 
& Takeuchi, 1959). 


RESULTS 
Effect of current on the spontaneous m.e.p.p. 

When the potassium concentration in the bathing solution was in- 
creased, the frequency of spontaneous m.e.p.p.s was increased and usually 
several minutes elapsed before the change in frequency developed fully. 
When the preparation was returned from high-potassium solution to one 
of low potassium, the frequency remained rather high for some time and 
took about 30 min or more to return to its original value. The frequency 
of miniature discharge in normal Ringer’s solution and the rate of change 
in frequency when the potassium concentration was altered were different 
in each end-plate. Relative frequencies in various potassium concentra- 
tions as compared to those in normal solution are presented in Fig. 1. 
Each symbol indicates the mean frequency recorded from an individual 
end-plate. A marked change in frequency was obtained with increase in 
potassium concentration to greater than about 5 mM, but smaller changes 
were observed in lower concentrations. This result is similar to that re- 
ported by Liley (1956c) with the mammalian end-plate. 

After the frequency of miniature discharge became stationary in high- 
potassium solution, an inward current was passed through muscle membrane 
by the current electrode, hyperpolarizing the membrane. The current 


influenced both the amplitude and the frequency of the m.e.p.p. As 


shown in Fig..2, when the muscle membrane was hyperpolarized the 
amplitude of miniature discharge was increased and its frequency de- 
creased. After cessation of the current the amplitude and the frequency 
returned to their original value. The mean amplitude of the m.e.p.p. had | 
an almost linear relation to the change of membrane potential, as was 
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observed with the end-plate potential (e.p.p.; Fatt & Katz, 1951). When 
an inward current was suddenly passed through muscle membrane, the 


_ amplitude of the miniature discharge increased rapidly as the membrane 


was hyperpolarized, but the decrease in frequency developed gradually, 
becoming nearly constant only about 5-10 sec after the start of current. 


200 


100 F 


Relative frequency of m.e.p.p 


— 


0 10 15 20 


Potassium concentration (mM) 


Fig. 1. Relative frequencies in various potassium concentrations as compared to 
those in normal solution. Each sign indicates mean frequency obtained from an 
individual end-plate. Semi-log. scale. 


After the termination of current the frequency gradually increased. and 
returned to its original value after about 10 sec. In Fig. 3 two examples 
recorded in 12 mm-K*+ are shown, each point representing mean frequency 
of miniature discharge for each 400 msec. Beginning at the downward 
arrows, inward current was passed, which hyperpolarized the membrane 
by 33 and 38 mV in A and B respectively. After the start of current about 
0:5 sec elapsed before the membrane potential reached a steady hyper- 
polarized level. During this period the miniature frequency could not be 
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measured. Following this, however, the frequency change was gradual and 
reached a fairly steady level after 5-10sec. At the upward arrows the 
current was terminated and the frequency gradually increased, returning 
to near its original value after about 10 sec. 

In Fig. 4.4 the mean frequency of the miniature discharge recorded from 
the same end-plate in various media is plotted against the increase in 
membrane potential produced by inward current. Filled circles represent 
the mean frequencies obtained in 10-4 mm-K*+ and crosses and open circles 


A 


Fig. 2. Effect of current on m.e.p.p. in high-potassium medium (10-4 mM). A, © 
before passing current. B, while passing current, hyperpolarizing the membrane by 
59mV. C, after cessation of current. Time marker, 50 msec. 


are those obtained in 14-6 and 16-7 mm-Kt respectively. The relation 
between frequency and membrane hyperpolarization was almost linear, 
with possibly a slight upward concavity. 

Several possible explanations of the change in the frequency of the 
miniature e.p.p. may be considered. (1) A part of the current through the 
muscle membrane passed through the nerve ending, changing its membrane 
potential. (2) The current through the muscle membrane altered the 
sensitivity of the end-plate membrane or interfered with the diffusion of 
transmitter. (3) The ionic composition of the fluid around the nerve 
endings was changed by passing current through the muscle membrane. 
The linear relationship between m.e.p.p. amplitude and membrane poten- 
tial suggests that the current does not interfere significantly with the 
sensitivity of the end-plate. The possibility that the electric current 
disturbs the diffusion of transmitter through the space between nerve 


terminals and end-plate membrane may also be excluded. Since the 
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Fig. 3. Time course of the change in miniature discharge frequency by current flow. 
Each point represents mean frequency of 400 msec in 12 mm-K+ Ringer’s solution. 
Between arrows the membrane was hyperpolarized by 33 and 38 mV in A and B 
respectively. For about.0-5 sec after the start of current frequency was not measured 
because of instability of the membrane potential. 
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Fig. 4. Effect of hyperpolarization on the frequency of m.e.p.p. A: in various 
potassium concentrations, 16-7mm; x, 146mm; @, 10-4mm. B, O@, 1:5 
times hypertonic solution;. A A, 18-8 mm-Kt. 
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direction of the current is inward through the muscle membrane and 
acetylcholine (ACh) is positively charged, the current would not impede 
the diffusion of transmitter but rather accelerate it. 

If the inward current through the muscle membrane were to pass 
through the nerve ending its direction through the nerve terminal mem- 
brane is most likely to be outward. This would be expected to depolarize 
the nerve terminals and increase the frequency of the m.e.p.p., contradicting 
the present results. Liley (1956c) observed that after the onset of electro- 
tonic polarization of the nerve terminals the frequency attained its final 
value almost instantaneously. In the present experiments, however, 
about 10sec was necessary for the frequency change to develop fully 
after the start of the current. Furthermore, the frequency change was 
manifest only in high-potassium medium while when the discharge fre- 
quency was increased in hypertonic solution or in ammonium solution, 
inward current had little or no influence on the frequency of the m.e.p.p.s 
(cf. Fig. 4B). These results exclude the first explanation. 

The most probable explanation appears to be that the muscle membrane 
has a relatively low permeability to sodium ion and that inward. current 
is carried mainly by inward-moving potassium ion and outward-moving 
chloride ion. The potassium ion concentration in the space between nerve 
terminals and muscle membrane would be reduced by the flow of inward 
current, decreasing the discharge frequency of m.e.p.p. If this were the 
case the amount of change in concentration could be estimated from the 
frequency change in various potassium concentrations. As shown in 
Fig. 4A, in 16-7 mm-K+ the current which hyperpolarized the membrane 
by about 50 mV decreased the frequency from 29 to 13-2/sec. The latter 
value corresponds to the frequency obtained from same end-plate in 
14-6 mm-K+. Thus in this case it may be supposed that the current de- 
creased the potassium concentration near muscle fibre by about 2mm. In 
normal solution inward current had little influence on the discharge 
frequency. This may be due to the fact that in these circumstances the 
concentration changes of K+ that might occur on passing inward current 
would be expected to have little influence on the discharge frequency 
(cf. Fig. 1). 

The effect of outward current on the discharge frequency was not 
investigated extensively, because when the membrane was depolarized 
the amplitude of the miniature discharge became small and measurement 
of frequency was difficult. 


Effect of current on the neuromuscular transmission 


The change in discharge frequency of m.e.p.p.s by the passage of inward 


current appears to result from a change in potassium concentration — 


> 
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the nerve terminals. In this section the effect of such current on neuro- 
muscular transmission in high-potassium medium was investigated. The 
amplitude of the e.p.c. clamped at a hyperpolarized potential by a short 
pulse of about 15 msec was compared with that clamped at same potential 
by a long pulse (longer than 10 sec). As is shown in Table 1 A, in a high- 
potassium medium the amplitude of the e.p.c. clamped at hyperpolarized 


TABLE 1. Comparison of amplitude of e.p.c. hyperpolarized by short 
(15 msec) and long pulses (longer than 10 sec) 


Amplitude of e.p.c. 
by 
Hyper- Ratio of 
rt pulse Long pulse polarization amplitudes Kt Mg*+ 
End-plate ( : 10’ A) (x 107A) (mV) (%) (mm) (mm) 
3 A. High-potassium solution 
a 1-40 1-15 66 82 . 18-8 10 
b 2°52 2-06 66 82 «60 10 
b 2-39 1-81 - 66 76 12-0 10 
c 2-18 1-93 54 88-5 6-0 10 
c 2-40 1-97 . 54 81 6-0 10 
d 140 1-17 53 82-5 4-0 3°5 
e 3-04 2-68 37 88-5 7:0 0 
e 3-25 2-81 48 86-5 7:0 0 
B. Normal solution 
¥ 1-45 1-46 70 101 2-0 0 
g 3°20 3-40 39 106 2-0 0 
h 0-87 1-07 65 123 2-0 0 
a 1-21 1-22 61 100 2-0 0 
3 0-78 0-76 53 97°5 2: 0 0 


TABLE 2. Effect of potassium concentration on mean quantum content (m) 
of e.p.p. in Ringer’s solution containing (mm) Mg 25, Ca 0-8 


End-plate 1-5 mm-K 10 mu-K 1-5 mu-K 10 mu-K 
a 1-32 0-74 
b 0-32 0-45 0-17 0-38 


Quantum content (m) was calculated from the relation m = log, (number of impulses/ 
number of failures) (del Castillo & Katz, 1954a).. Each value was calculated from 160 to 
200 impulses. 


potentials by short pulses was larger than that clamped with long pulses, 
although no striking difference could be detected in normal solution 
(Table 1B). 

' In order to clarify the reason for this result, the quantum content was 
measured with an end-plate in high magnesium and low calcium, following 
which the potassium concentration was increased with the same concen- 
tration of magnesium and calcium. Table 2 shows that in high-potassium 
medium the quantum content increased. The result in the preceding section 
suggested that the change in potassium concentration took place rather 
slowly after the hyperpolarization of membrane. Thus the difference in 
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amplitude of e.p.c. with the membrane hyperpolarized by short or by long 
pulses may be interpreted as follows: when the membrane was hyper- 
polarized by short pulses there may have been little change in potassium 
concentration near the muscle membrane, and the quantum content of 
e.p.c. was rather large, but when the membrane was hyperpolarized with 
long pulses a change in potassium concentration may have occurred and 


A B 


Fig. 5. E.p.c. evoked every 3 sec in 12 mm-K* solution. Between A2 and A3 
membrane was suddenly hyperpolarized (61 mV), and e.p.c. appeared in A4. Bl 
and B2 were recorded during hyperpolarization; between B2 and B3 membrane 
potential was returned to resting value and neuromuscular transmission was blocked 
after B6. Current scale, 2 x 10-7A; time scale, 5 msec. 


the quantum content may have decreased. It is known that KCl relieves 
the curare block at the neuromuscular junction (Wilson & Wright, 1937; 
Brown & von Euler, 1938; Walker & Laporte, 1947) and the increase in 
quantum content in high-potassium solution may be one of the reasons for 
the decurarizing action of potassium ion. 

In some cases, when 7-5 mm-K+ Ringer’s solution was introduced neuro- 
muscular transmission was blocked and no potential change could be 
obtained by applying supermaximal stimuli to the nerve. In such instances 
hyperpolarization of muscle membrane restored neuromuscular trans- 
mission in a few seconds. Figure 5 shows e.p.c. evoked every 3 sec. 
Between A 2 and A 3 the membrane potential was suddenly hyperpolarized 
by 61 mV. The e.p.c. appeared in A4 and thereafter transmission con- 
tinued. Bl and B2 are e.p.c.s obtained during the hyperpolarization and 
between B2 and B3 the membrane was returned to its resting potential. 
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Transmission continued for about 10sec after the cessation of inward 
current and then was blocked suddenly. The time course of the recovery 
of transmission by current flow was similar to that of the change in fre- 
quency of m.e.p.p. in high potassium medium. This sudden block of trans- 
mission may occur around the arborizations of nerve fibres, suggesting that 
the change in concentration of potassium ion was not confined to the nerve 
terminals or the groove between nerve terminal and the end-plate mem- 
brane, but also occurred in a wider area around the nerve arborization. 


Effect of current on the post-tetanic increase in frequency 
of miniature discharge 

Various investigators have hypothesized that post-tetanic potentiation 
can be explained in terms of an increased external potassium ion concen- 
tration (cf. Hughes, 1958). Recent observations have shown that after a 
tetanus frequency of the m.e.p.p. is increased (Liley, 1956); Brooks,1956; 
Hubbard, 1959). ‘Since this post-tetanic potentiation of discharge fre- 
quency runs a time course paralleling the post-tetanic potentiation of 


20 


Frequency of m.e.p.p. 


0 2 4 6 10 

Time (min) 
Fig. 6. Effect of current on post-tetanic increase of miniature discharge frequency. 
Each circle represents mean frequency for about 10sec. ©, without current; @, 


during passing inward current, hyperpolarizing the membrane about 50 mV. 
During thick bar tetanic stimulus (10/sec) was applied. 


response, there is good reason for postulating a common mechanism. The | 


increase in miniature discharge frequency might also be explained in terms 
of an increased external potassium ion concentration. This hypothesis was 
tested by passing inward current through the muscle membrane during 
post-tetanic potentiation of discharge frequency. If the increase in dis- 
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charge frequency were due to an increased potassium concentration around 
nerve terminals, inward current would be expected to reduce the potassium 
concentration near the muscle membrane and the discharge frequency 
might decrease during and after passing current. In Fig. 6 the changes in 
mean frequency of m.e.p.p.s in such an experiment are shown. During 
the thick bar a 10/sec tetanus was applied. After the tetanus the miniature 
frequency increased to more than 20 times its control value and then 
decayed gradually. Open circles show mean frequencies obtained without 
current, and the filled circles are those obtained when the membrane was 
hyperpolarized by about 50 mV. The result indicates that inward current 
did not change the time course of the recovery of miniature discharge 
frequency. This result is contrary to the above hypothesis, i.e. that the 
post-tetanic potentiation of miniature discharge is due to the increased 
potassium concentration around nerve terminals. 


DISCUSSION 


The present results suggest that the passage of electric current through 
the muscle produces an appreciable change in concentration of potassium 
ion near the muscle membrane, at least at the end-plate. Since, if ion 
mobilities were uniform as in free solution, concentration changes would 
not occur by passing current, the change near the muscle may be due to a 
selective permeability of the resting muscle membrane. The resting muscle 
is permeable to potassium and chloride ions, and inward current through 
the membrane may consist mainly of inward-moving potassium ions and 


outward-moving chloride ions. If mobilities and diffusion. constants of 


ions are uniform everywhere, other than in the membrane, potassium ions 
carried through the membrane will be replaced by ions brought to the 
membrane by diffusion and by current. If the stretch of end-plate is 
assumed to be small compared with the characteristic length of muscle 
fibre, the current density may be considered as uniform throughout the 
end-plate region. If the end-plate is assumed to be on the exposed surface 
of the muscle fibre, the change in concentration near the end-plate can be 
represented approximately as a one-dimensional diffusion problem. The 
potassium concentration C at time ¢t and at distance 2 normal to the mem- 
brane is a solution of the following equation: 
eC 


C= Cy (¢ = 0), 


— =——-p 0 
(x = oO). 
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The amount of potassium ion carried by current through unit area of 
membrane in unit time is Vg,/F', where V is potential change produced by 
current through muscle membrane (outside potential minus inside poten- 
tial). F is the Faraday constant, and g, the potassium conductance per 


unit area of membrane and D the diffusion constant. p is the amount of . 


potassium ion carried by current to a unit area of membrane per second 
and a function of the concentration and the potential gradient in solution. 
In the present conditions this amount may be negligibly small compared to 
Vgx/F; because the potassium concentration in solution is much less than 
that of other ions. g, is a function of potassium concentration and it is 
assumed that 9, = aC, where a is a constant. When the muscle membrane 
potential is near the potassium equilibrium potential, g, is approximately 
Px 
where V» is membrane potential (outside potential minus inside potential) 
and K, and K, are outside and inside concentrations of potassium ion 
respectively. If Vm and P, are assumed to be constant and K, is much 
smaller than K;, g, may be considered directly proportional to C. The 


solution of the diffusion equation with these initial and boundary conditions 
can be easily obtained by Laplace transformation (cf. Crank, 1956), and 


At x 0 the solution is reduced to 
C = —erf(h,/Dt)}, 


where 


D 


If the current we changes the membrane potential by 50mV in 
16-7 mm-K* changes the potassium concentration near the muscle mem- 
brane by 2 mM in 10 sec and gy is assumed to be about 500 pmho/cm? at 
C = 10 mo (cf. Hodgkin & Horowicz, 1959), the diffusion constant should 
be about 4-5 x 10-? cm?/sec. This value is much smaller than that of KCl 
in aqueous solution (in the order of 1-6 x 10-> cm?/sec). The calculation is 
merely an approximation but suggests that some structures might act as 
diffusion barriers. 

The fact that the inward current had no influence on the post-tetanic 
increase in discharge frequency seems to exclude the possibility that the 
post-tetanic frequency change is due to an increase in potassium concen- 
tration around nerve terminals. Recent observation shows that post- 


erf(Z) = edu and h = (p is neglected). 
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tetanic potentiation of synaptic transmission can be explained by an 
increase in the membrane potential and amplitude of action potential of 
presynaptic fibres (Lloyd, 1949; Eccles & Krnjevi¢, 1959). However, it 
seems difficult to explain the post-tetanic increase of miniature discharge 
in terms of increased membrane potential and its mechanism remains 
obscure. 


SUMMARY 


1. The effect of inward current through the muscle membrane on the 
potassium concentration near muscle membrane was investigated by 
using the frequency of miniature end-plate potentials (m.e.p.p.) as an index 
of potassium concentration. 

2. The frequency of spontaneous m.e.p.p. was markedly increased in 
concentrations of potassium greater than about 5 mm, smaller changes - 
being observed in lower concentrations. : 

3. The frequency of miniature discharge in high-potassium medium 
was decreased by passing inward current through the muscle membrane at 
end-plate region. After the cessation of current the frequency returned to 
original level. 

4. The change in frequency of miniature discharge after the start and 
the cessation of inward current was rather slow and 5-10 sec elapsed 
before the frequency reached fairly stationary level. : 

5. These results can be explained by a decrease in potassium concentra- 
tion around nerve terminals during passage of inward current. 

6. Inward current relieved the block of neuromuscular transmission 
occurring in high-potassium medium. The amplitude of end-plate current 
during hyperpolarization by short pulses was larger than that during long 
pulses. These results can also be explained in terms of changes in potassium 
concentration. 

7. Inward current had no influence on the post-tetanic increase of 
miniature discharge frequency, which excludes the possibility that the 
post-tetanic increase of miniature discharge frequency is caused by 
increase in external potassium concentration around nerve terminals. 


The authors wish to express their thanks to Drs C. C. Hunt and A. R. Martin for their 
advice and criticism. : 
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In their recent study of the activity in small motor fibres in the nerve 
supply of the gastrocnemius muscle of the decerebrate rabbit, Diete-Spiff & 
Pascoe (1959) noted that certain volatile anaesthetics, namely, ether, ethyl 
chloride, chloroform and trichlorethylene had a strong stimulatory effect, 
whereas chloralose, hexobarbitone sodium, and thiopentone sodium 
depressed the discharge. In their experiments urethane was found to act 
as a stimulant both in the decerebrate animal and in intact animals 
already anaesthetized with urethane. It seemed of interest to investigate | 
further the relation between these effects and the simultaneously produced 
changes in reflex excitability in alpha and gamma fibres. 

In the past nearly all the work on the mammalian small motor fibres has 
been carried out on the cat, and a number of reflex responses, both spinal 
and supraspinal have been described in the decerebrate, spinal or lightly 
anaesthetized animal (Hunt, 1951; Granit, Job & Kaada, 1952; Eldred & 
Hagbarth, 1954; Hunt & Paintal, 1958). In the present experiments many 
of the procedures which have been used to elicit small motor fibre responses 
in the cat have been tried on the lightly anaesthetized rat, and certain of 


these which have been found to produce reflex effects with regularity have 


been selected and used to follow the changes which occur when anaesthetics 
are given to the lightly anaesthetized animal. Preliminary reports of part 
of this work have already appeared (Andrew, 1959, 1960). 


METHODS 


The experiments were performed on twenty-six adult rats. Anaesthesia was induced with 
trichlorethylene vapour and maintained by intraperitoneal injection of urethane solution, 
25 g/100 ml., 4 ml./kg body weight. Further injections were given as necessary. In four 
experiments, pentobarbitone sodium, and in two other experiments. thiopentone sodium 
were used instead of urethane as the basal anaesthetic. The level of anaesthesia was con- 
trolled so that it was deep at the beginning of the experiment during dissection and was 
permitted to lighten later when nerve activity was examined. In some of the animals flexion 
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withdrawal reflexes could be aroused in the hind limb by stimulation of the toes, but there 
was no stretch reflex activity in the hind limb extensor muscles. 

Dissection. Nerve dissection was carried out under liquid paraffin. A binocular dissecting 
microscope was used. As the rat’s leg is rather small, there was usually not enough skin 
available to form the raised edges of a pool of liquid paraffin over the nerve and muscles to be 
dissected; it was found convenient to fit an oiltight silver-foil boundary wall to the wound 
cavity with a depth of 1 cm. The limb was not denervated, and in order to disturb the 
muscle innervation as little as possible recordings were made usually from the central ends 
of small intramuscular nerve filaments. Where recordings were made from one of the larger 
trunks, e.g. the peroneal nerve, the epineurium was removed with scissors without inter- 
rupting the nerve. The perineurium was then slit longitudinally with needle points and 
slender nerve filaments picked off the main bundles. In some preparations, in order to 
loosen the bundles of nerve fibres, a small volume of hyaluronidase solution (about 100 i.u. 
dissolved in a fraction of a millilitre of Locke’s solution) was run into the opened nerve 
trunk, | 

Recording. The electrodes were bright silver wires, and were connected to conventional 
capacity-coupled amplifiers and thence to cathode-ray oscillographs and loudspeaker. The 
action potentials were recorded on moving bromide paper, 

Inhalation. The head of the rat was inserted into the open end of a Perspex box 7 cm 
long and 4 x 4.¢m cross-section. A tube entered the box opposite the mouth of the animal. 
In experiments with nitrous oxide and oxygen mixtures, and bromochlorotrifluoroethane 
(Fluothane; Imperial Chemical Industries) and air mixtures, the gas mixture was passed 
into the box and escaped with expired gases through the space between the animal’s neck 
and the mouth of the box. To produce anoxia the air in the box was diluted with nitrogen in 
the same way. The responses to ether, ethyl chloride, chloroform and _ trichlorethylene 
were obtained by placing cotton-wool soaked in the anaesthetic in the box and partly 
withdrawing the animal’s head. Tracheal cannulae were not used, and on the few occasions 
that respiratory obstruction developed the animal was discarded. 

Nomenclature. In the literature, the efferent fibres which have been proved or presumed 
to operate the intrafusal muscle fibres have been referred to as gamma efferents, small 
motor fibres, fusimotor fibres, spindle motor fibres and intrafusal motor fibres. In this paper 
the terms gamma efferents or small motor fibres will be used. The vasomotor efferents, 
although detectable in many of the nerve filaments used in this work, are not included in this 
category. 


RESULTS 


Of the basal anaesthetics that have been tried, urethane has proved to 
be the most reliable; there is a large margin of safety with increasing 
dosage, it does not depress respiration unduly and the anaesthetic lightens 
slowly and in a predictable way throughout an experiment lasting several 
hours. Thiopentone sodium, pentobarbitone sodium and chloralose were 
given trials but found less satisfactory. The following description of reflex 
activity in gamma efferents refers therefore primarily to the rat lightly 
anaesthetized with urethane; the results with thiopentone sodium and 
pentobarbitone sodium as the basal anaesthetic were qualitatively similar. 
No useful results were obtained with chloralose. 

A group of reflexes has been selected to study the action of anaesthetics _ 
given in addition to the basal anaesthetic. They are all easily elicited by 
natural forms of stimulation (that is, they do not involve electrical stimula- 
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tion of nerve trunks) and they are differentially sensitive to additional 
anaesthetic given either by inhalation or injection. Table 1 gives a sum- 
mary of these reflexes and includes for co:npleteness the reflex response to 
anoxia and certain inhaled anaesthetics. me 

TaBLeE 1. Reflexes operating on gamma efferents used in the present study 


Afferent stimulus Recording site ; Effect 


(a) Spinal Toe pinch, ipsilateral Flexor muscle nerves Excitation 
Gastrocnemius nerve Inhibition 

Toe pinch, contralateral Gastrocnemius nerve Excitation 

Heel pinch, ipsilateral § Gastrocnemius nerve Excitation 


(6) Supra-spinal Touch in ext. auditory Limb muscle nerves Phasic excitation 
meatus (head-shake 
reflex) 


Pinna pinch Limb muscle nerves Prolonged excitation 
Inhaled ether, ethyl Limb muscle nerves Excitation 

chloride, chloroform, 

trichlorethylene 
Anoxia Limb muscle nerves Excitation 


In the description of the results it has been assumed that, in general, the 
relative sizes of action potentials in records of the activity of a group of 
nerve fibres are related to the nerve-fibre diameters; the validity of this 
assumption in the case of efferents to skeletal muscle has been examined 
and supported by Hunt (1951). In the rat, when electrodes are placed on 
the central end of a nerve trunk supplying one of the larger limb muscles, 
it is usually not possible to detect the impulses in the gamma fibres. These 
become detectable when the nerve is split into very slender filaments. In 
this situation there is usually little difficulty in distinguishing, on the basis 
of action-potential size, between alpha and gamma fibre action potentials. 
When, however, records are made of efferent activity in small intra- 
muscular nerve branches, the results suggest that there is less difference 
in fibre diameters. This is conjecture, but in any case it is convenient to 
retain the terms alpha and gamma, even though in this recording position 
they may not be accurate descriptions of fibre diameter. In these situations 
the main clues to identification are found in the temporal pattern of action- 
potential activity. 

Toe-pinch reflexes. The receptive field extends over all five toes and the 
adjacent skin of the sole of the foot. The pinch was applied manually with 
blunt forceps. The excitation of the gamma fibres to the flexor muscles 
and the inhibition of the active gamma fibres to the gastrocnemius muscle 
on the ipsilateral side is assumed to be part of the flexion withdrawal 
reflex, and it occurs irrespective of whether the anaesthetic level prevents 
the alpha motoneurones from discharging. The response of a tonically 
discharging gamma fibre of a flexor muscle and the beginning of the dis- 
charge in an alpha fibre are shown in Fig. 1. The excitation of gamma 
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fibres of the contralateral limb appeared to affect both flexor and extensor 
muscles. 

Heel-pinch reflex. The receptive field extends over the heel of the 
ipsilateral foot and includes the hairy skin over the Achilles tendon. There 
is a quite sharp demarcation line between the heel zone of the sole, which 
causes excitation of the gastrocnemius gamma efferents, and the toe 
zone, which causes inhibition of the same fibres. Exploration with a probe 
while recording from the peripheral end of the sural nerve showed that both 
zones are within the innervation field of this nerve. In some animals very 
few of the gastrocnemius gamma fibres maintained a tonic discharge; 
however, their presence in a nerve filament could be revealed by starting 
a short discharge by pinching the heel region. The beginning of a discharge - 
in two gamma fibres to the lateral abichcunasaniiees muscle in response to 
heel-pinch can be seen in Fig. 2 (a). 

Head-shake reflex. If a probe is moved gently in the opening of the 
external auditory meatus, the animal shakes its head after a short latency, 
presumably in an attempt to dislodge the foreign body. During the 
oscillatory movements of the head a short volley of impulses is discharged 
in gamma fibres to hind-limb muscles. In some instances larger fibres 
become active also. Presumably this discharge forms part of the postural 
compensation of the limbs during the shaking movements of the head. An 
example is given in Fig. 3. 

Pinna-pinch reflex. Pinching the pinna with forceps produces, after a 


brief interval, a general excitation of limb gamma fibres which usually _ 


extends beyond the duration of the stimulus. In some animals alpha fibres 
were also stimulated and slight movements of the limbs occurred. The 
pinch may be enough to start a tonic discharge in a hitherto inactive fibre. 
The receptive zone is confined to the pinna itself, pinching the surrounding 
skin is ineffective. An example is given in Fig. 4(a). 

Anoxia. The stimulant effect of anoxia on gamma fibres is a general one 
and is exerted supraspinally. It is usually delayed until anoxia is severe 
and corresponds in time to the massive discharge in the sympathetic 
fibres and protrusion of the eyeballs. The supraspinal nature of this 
excitation has been shown in the cat by Schulte, Busch & Henatsch 
(1959). 

| Resting discharge. There appeared to be a large variation between 
different animals in the number of tonically discharging gamma fibres. As 
a general rule it seemed that the lighter the anaesthesia, the larger the 
number of active fibres, the more labile the discharge rate, and the greater 
the reflex accessibility of the gamma motoneurones to sensory stimulation. 
The discharge rate in some preparations underwent spontaneous changes 
of frequency, a cyclical rise and fall of frequency with a periodicity of a 
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Fig. 1. The responses to ipsilateral toe pinch in group of fibres serving a hind-limb 
flexor muscle. The fibre with the small action potential which discharged throughout 
the record was tonically excited when ethyl chloride was inhaled by the animal. 
The fibre with the largest action potential, which was presumed to be an alpha 
fibre, was not caused to discharge tonically by ethyl chloride inhalation and gave 
reduced response to toe pinch after several minutes of inhalation and after the 
disappearance of head-shake and pinna-pinch responses. Time marker, 1/5th sec. 


d 


Fig. 2. Records (a), (c) and (d) are from the same gamma fibres dissected from the 


‘nerve to the lateral gastrocnemius muscle. The signal marker (5) indicates pinch 


applied to the heel of the foot and applies to the three records. (a) shows the 
control excitation. (c) shows the much reduced response which modulates the 
continuous discharge after 45 sec of inhalation of ethyl chloride. A (d) shows the 
unresponsiveness of the tonic discharge to the same stimulus after 2} min inhalation. 


Time marker, 1/5th sec. 


63 


> 
| 
L 
: 
| 
> 
| | | 
/ 
a 
] 
7 


B. L. ANDREW 


b 


Fig. 3. Records (a) and (b) are from the same filament dissected from the central 
end of the peroneal nerve. (a) shows the short phasic excitation which occurred in 
three fibres during the oscillatory movements of the head-shake reflex. (b) After 
24 min of inhalation of trichlorethylene vapour the intermediate sized fibre had 
begun to discharge continuously and at about this time the head-shake reflex failed to 
influence the discharge in all three fibres. ‘The largest fibre could still be activated by 
the flexion withdrawal reflex, but there was no phase of tonic excitation due to the 
anaesthetic: it was presumed to be an alpha fibre. The smallest fibre was tonically 
excited but to a lesser extent than the intermediate sized fibre. Time marker, 
1/5th sec. 


b 


Fig. 4. Records (a) and (b) are from the same filament dissected from the central end 


of the peroneal nerve. (a) shows the increasing activity as the pinna was pinched, 
both fibres were accelerated. (b) Shows the activity after 2 min of ethyl chloride 
inhalation. The smaller fibre seen in record (a) was now discharging continuously at 
50 impulses/sec and another smaller fibre had been recruited. Time marker, 1 /5th sec. 
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fraction of a minute was occasionally seen. In these rather active prepara- 
tions, a loud sound would sometimes cause a great increase in activity and 
the recruitment of hitherto inactive gamma fibres. 


The effects of additional anaesthetic 


Urethane. In four experiments the effects of a series of doses of urethane 
on the reflex and tonic activity of alpha and gamma fibres were examined. 
The injections were intravenous in two and intraperitoneal in the others 
and were continued until respiration stopped. The dose required to produce 
respiratory arrest in an animal that has been anaesthetized for some hours 
is relatively large and in these experiments was 370, 625, 650 and 875 mg. 
The temporal order of effects as the dosage of urethane was increased was 
as follows: resting discharge stopped, the supraspinal reflexes, i.e. head- 
shake, ear-pinch and the response to ethyl chloride disappeared, alpha- 
fibre component of flexor reflex disappeared, and finally the gamma 
response to toe-pinch (ipsilateral). At no stage was any excitation of 
gamma fibres detected. In one of these animals there was a slight reflex 
movement of the muscles operating on the pinna when the latter was 
pinched ; this movement persisted after the excitatory linkage to the limb - 
gamma motoneurones had been interrupted. 

Inhalation anaesthetics, type 1: ethyl chloride, ether, trichlorethylene and 
chloroform. The characteristic feature of this group was that they produced 
a phase of progressive excitation during which the frequency of the tonic 
discharge rose to a maximum. The response occurred with each of the 
three basal anaesthetics used, namely urethane, pentobarbitone sodium and 
thiopentone sodium. A description will be given first of a typical response 
to trichlorethylene. Usually four phases could be recognized. During the 
first half minute of inhalation there were signs of arousal such as move- 
ments of the vibrissae and changes in respiratory rhythm; at this time the 
gammas accelerated slightly and tonic discharges in alpha fibres sometimes 
began. This phase was absent in some animals. Then followed 3 or 4 min 
during which alpha activity stopped and resting discharges, if any, in 
gamma fibres ceased. At about the fourth or fifth minute, the phase of 
excitation in gamma fibres began, and a quite regular tonic discharge of 
rising frequency occupied the next few minutes. The discharge then ceased 
abruptly or continued for a short time as a series of high-frequency trains 
of impulses and then ceased. By this time the animal was deeply anaesthe- 
tized; the head-shake and pinna-pinch reflexes disappeared during the 
phase of excitation. The extinction of the heel-pinch reflex before the end 
of the phase of tonic excitation of the gamma fibres is shown in Fig. 2. The - 
toe-pinch response in nerves to flexor muscles was rather more resistant, 
and some modulation of the discharge could be heard at the end of the 
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excitation phase. During the ensuing few minutes after the rat was 
returned to breathing air the gammas might pass back through the excita- 
tion phase and the reflexes returned in the reversed sequence. The maxi- 
mum frequencies achieved during the phase of excitation were variable, 
and the range extended from a change from zero—28 impulses/sec to 
zero—110 impulses/sec; that is, within the normal limits of frequencies 
observed when gamma fibres are activated reflexly. In recordings from 
multi-fibre preparations it was seen that the phase of excitation did not 


_ Fig. 5. Response to the inhalation of ethyl chloride vapour in a single gamma 
efferent in an ifitramuscular nerve branch serving the medial gastrocnemius muscle. 
Control record (a) shows the resting discharge, 10 impulses/sec; (b) after 60 sec 
inhalation, discharge rate 22 impulses/sec ; (c) after 80 sec inhalation, discharge rate 
105 impulses/sec. Time marker, 1/5th sec. 


begin synchronously in all fibres and towards the end of the phase some 
became quiescent before others. The response to ethyl chloride was more 
rapid, the tonic excitatory phase began in 1 min or less but was similar 
in form. In one experiment the heel-pinch reflex was tested every 10 sec 
and it was extinguished after 40 sec inhalation. Ether and chloroform 
vapour were used in two experiments only, they gave results similar to 
trichlorethylene. In four trials two or more type 1 anaesthetics were 
given in sequence to make sure that the same fibres partook in the 
- responses to the different anaesthetics. The acceleration of the tonic 
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discharge in a gamma fibre during inhalation of ethyl chloride is shown in 
Fig. 5 and plotted graphically in Fig. 6. 

Inhalation anaesthetics, type 2 : bromochlorotrifluoroethane. This anaesthetic 
was found to be very rapid in its action on the gamma reflexes but it did 
not produce a phase of tonic excitation. When it was given in a similar way 
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Activity (imp./sec) 
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Fig. 6. Activity in a gamma fibre in an intramuscular nerve branch in the medial 
gastrocnemius muscle. ™, the response to ethyl chloride vapour; @, the activity in 
the same fibre during the inhalation of a mixture of 90 % nitrous oxide and 10 % 


oxygen. 


to trichlorethylene (that is, it was allowed to evaporate from cotton-wool in 
the open-ended box containing the head of the animal), it extinguished the 
gamma reflexes within half a minute, and there was no phase of excitation. 
On return to air breathing the heel-pinch reflex reappeared after 4 min 
and the ear-pinch and head-shake reflexes after 6 min. When the animal 
was breathing a 4° (v/v) air mixture and the heel-pinch reflex was 
tested every 10 sec, it was found that the reflex was affected after 20 


- sec and extinguished after 80 sec. There was no phase of excitation. 


_ Nitrous oxide. This anaesthetic was tried in three concentrations on 
three animals, namely 100%, 90%. nitrous oxide + 10% oxygen, 80% 
nitrous oxide+ 20% oxygen. When it was given as the pure gas, while _ 
recording from a fibre that had shown a response to ethyl chloride there 


Was no tonic response and respiratory arrest occurred after 2 min inhala- 
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tion, At this point there was head-shake movement but no gamma excita- 
tion and a reduced heel-pinch response. After recovery the gamma 
response to anoxia produced with nitrogen was tested and excitation 
occurred after 1} min. Inhalation of 10% 0,+90%N,O produced no 
tonic excitation but there was an interruption of supraspinal effects; after 

min inhalation the head-shake reflex had gone and there was no response 
to ethyl chloride, but the toe- and heel-pinch reflexes remained. Figure 6 
shows the response of the same fibre first to ethyl chloride and then, after 
a pause for recovery, to 90% nitrous oxide + 10% oxygen. The effects of 
80 % nitrous oxide with 20 % oxygen were qualitatively similar. It seemed 
from these experiments that nitrous oxide interrupted the pathways 
whereby anoxia, ethyl chloride, and the head-shake and ear-pinch reflexes 
normally excited the spinal gamma motoneurones, but did not interfere 
with the spinal gamma response to foot stimulation. 


DISCUSSION 


Some species differences in the reflex responses to ear stimulation are 
evident. In the lightly anaesthetized rat the pinna and the external 
auditory meatus are the most reflexogenic zones on the head. On the other 
hand, Diete-Spiff & Pascoe (1959) report that in the rabbit the skin of the 
ears was the only region from which gamma excitation was not obtained. 
As has been shown by Granit et al. (1952), twisting the pinna in the cat has 
a potent effect on lumbar gamma activity, either causing acceleration of 
discharge or an inhibition followed by an acceleration. However, in the 
present rat experiments ear-twist was ineffective but ear-pinch was always 
excitatory to the limb gamma efferents, and in some preparations, to 
alpha fibres as well. In the anaesthetized rat the scratch reflex does not 
occur after ear-pinch, but slight movements of the ipsilateral forelimb 
were seen rarely. Sherrington (1917) included the head-shake reflex in his — 
description of the ear reflexes of the cat, but later workérs do not appear 
to have studied its gamma fibre component to the limbs. Certainly one 
would expect that the oscillatory movements of the head would be 
accompanied by phasic adjustments of the innervation of limb muscles in 
order to preserve equilibrium. 

The surfaces of the foot which either excite or inhibit the gamma 
efferents serving the gastrocnemius muscle of the rat are similar to those 
described by Eldred & Hagbarth (1954) for the cat, except that the excita- 
tory zone in the rat extends rather more on to the sole of the foot. The 
fact that the sural nerve contains afferents from these two zones of 
opposite action on the gamma motoneurones of the gastrocnemius muscle 
suggests that rather variable results will follow the electrical stimulation 
of the whole nerve trunk. Urethane was used as the basal anaesthetic in 
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most of the experiments described in this paper, and for this reason care 
was taken to check whether it was a stimulant to the gamma system, as 
has been reported in the rabbit by Diete-Spiff & Pascoe (1959). No 
excitation was seen at any stage, but of course these tests refer only to 
doses additional to that required to produce light anaesthesia. It is 
difficult to predict what the level of gamma activity is in the intact 
unanaesthetized animal. The activity in the decerebrate unanaesthetized 
preparation is variable, and if rigidity is present the gamma activity may 
follow the spontaneous changes in rigidity (Hunt, 1951). A feature which 
was frequently observed in the present study was that as the anaesthesia 
lightened the level of gamma activity became more labile, was easily 
influenced by an increasing range of sensory stimulation and in some 
instances was subject to apparently spontaneous rhythmic shifts of 
activity level. Thus, it may be that in the intact unanaesthetized animal, 
the level of gamma activity is very labile, being increased in states of 
alertness or in anticipation of a movement. The familiar difficulty of 
distinguishing between small and large motor fibres was present through- 
out this work. The small fibres could rarely be detected except in very 
slender nerve filaments. Furthermore, when recording from intramusclar 
branches the activation of alpha fibres in nearby innervated muscle led to 
electromyographic activity which could be heard on the loudspeaker and 
to slight movements which could be seen through the dissecting microscope. 
This information was useful but not conclusive, since alpha activity does 
not necessarily begin simultaneously in all parts of the muscle. The use of 
action-potential size (Hunt, 1951) is satisfactory if one is permitted to 
suspend judgement in preparations where the ratio of action-potential 


sizes is small. These situations arise frequently, and there is a need for 


simple distinguishing tests. It is possible that the use of a quickly-acting 
volatile anaesthetic such as ethyl chloride may be of value, but first it 
must be decided whether all small motor fibres are excited, or whether a 
group of some significance functionally alone is stimulated. Certainly 
several filaments which had been predicted from other features to be 
gamma efferents failed to respond to ethyl chloride and trichlorethylene. 
Another feature which is of interest is the great range of observed fibre 
response. In some fibres the frequency was doubled before it ceased, in 
others the effect was much greater, e.g. an increase from zero to 100 imp. | 
sec. If this range in the extent of control is genuine and not due to some 
uncontrolled variable in the experimental procedure, one might expect that 
some gammas would be beyond the control entirely. 

In Fig. 5 the signal-to-noise ratio is unusually large for a gamma fibre; 
this is due to the use of a particularly slender nerve filament. This is of 
importance here to show that it is the record from a single active fibre, 


r 
e 
T 
g 
} T 
1. 
Ls 
of 
1e 
8 
O 
18 
ar | 
In 
a 
sé 
a- 
of 
le 
in 


B.L. ANDREW | 


since constancy of action-potential size together with regularity of dis- 
_ charge, if found together for several seconds, exclude the possibility that 
the record is made up of the activity of two or more fibres. Constancy of 
action-potential size can only be obtained if there is a large signal-to-noise 
ratio. 

It is not clear from these experiments whether the excitatory effect of 
the type 1 volatile anaesthetics is due to a direct central action or whether 
it is due to reflex arousal caused by sensitization of sensory endings. 
Robertson, Swan & Whitteridge (1956) have shown that the threshold of 
carotid baroceptors is lowered by inhaled ether, chloroform and tri- 
chlorethylene. Whitteridge & Biilbring (1944) found that the sensitivity 
of pulmonary stretch endings was increased and Matthews (1933) detected _ 
an increase in excitability of muscle endings during induction of chloro- 
form anaesthesia. Considerations which do not favour this second 
possibility are, first, that Schulte, Henatsch & Busch (1959) have shown 
that an increased inflow from the carotid sinus in the cat causes an 
inhibition of the lumbar gamma motoneurones, and secondly, that with 
trichlorethylene the main excitation occurs at a stage when other sensory 
influences have little effect, i.e. when the depth of anaesthesia interrupted 
sensory connexions with the gamma system. 


SUMMARY 


1. A study has been made of motor discharges in alpha and gamma 
fibres to the hind limb of the lightly anaesthetized rat. A group of reflexes 
which influence gamma activity is described. 

2. Three anaesthetics have been used to produce the light basal 
anaesthesia, namely urethane, pentobarbitone sodium wire thiopentone 
sodium. 

3. The effects of additional doses of anaesthetic, given either by inhala- 
tion or injection, on the resting discharge and the reflex excitability of the 
gamma and alpha fibres has been examined. 

4. The inhalation anaesthetics have been divided into two groups. The 
first includes ethyl chloride, trichlorethylene, ether and chloroform. The 
second includes bromochlorotrifluoroethane and nitrous oxide, Anaesthetics 
_ of the first group cause a tonic excitation of gamma efferents and a 
_ simultaneous interruption first of supraspinal and then of spinal reflexes. 
Anaesthetics of the second group have a similar effect on the reflexes but 

do not produce a tonic excitation. 


I wish to thank Professor G. i. Bell for his interest in this work. 
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BRAIN TEMPERATURE AS A FACTOR IN THE CONTROL OF 
THERMAL POLYPNOEA IN THE OX (BOS TAURUS) 


By J. D. FINDLAY ann D. L. INGRAM 
From the Hannah Dairy Research Institute, Kirkhill, Ayr 


(Received 29 July 1960) 


When cattle are exposed to high environmental temperatures the heat 
content of the body is regulated partly by an increase in respiratory rate 
(Brody, 1948). Some evidence (Bligh, 1957a) suggests that in calves the 
stimulus for this increase in the respiratory rate arises from stimulation of 
the periphery rather than from a rise in the temperature of the blood. In 
Bligh’s experiments it was demonstrated that when calves are suddenly 


exposed to a high temperature and humidity the increase in the frequency 


of breathing begins before there is any rise in the temperature of the blood | 
in the carotid artery. Similar experiments by Bazett (1927), who exposed 
dogs to solar radiation, had led to the same conclusion, that panting is 
initiated by peripheral stimulation. Nevertheless, it is known (Ranson, 
1940) that the brain contains regulatory centres essential for the main- 
tenance of homoeothermy. Thus, electrical stimulation or local heating of 


_ the anterior region of the hypothalamus is accompanied by an increase in 


the rate of respiration in the cat (Magoun, Harrison, Brobeck & Ranson, 
1938) and in the goat (Andersson, Grant & Larsson, 1956; Andersson & 
Persson, 1957). 

The respiratory rate, in addition to being influenced by changes in the 


‘ concentration of carbon dioxide in the blood, can thus be stimulated by 


increase in temperature either at the periphery or centrally. But the 
relative importance of these stimuli in the initiation and maintenance of — 
panting is not clear. Nor is it certain that all mammals behave in a 
similar manner. Hemingway, Rasmussen, Wikoff & Rasmussen (1940) and 
Strém (1950) failed to cause a change in respiratory rate by heating the 
hypothalamus in the dog. Using another experimental technique, Forster 
& Ferguson (1952) measured the hypothalamic temperature of seven 
unanaesthetized cats during exposure to high temperatures. They found 
that in five animals the rise in respiratory rate was correlated with a rise 
in hypothalamic temperature, while in the remaining two the rate of — 
breathing increased without a change in the temperature of the brain. 
No information is available about changes in the temperature of the 


brain of the ox during heat stress, nor has the heat sensitivity of the brain 
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been investigated in this species. Among several possibilities which need 
to be considered are: (i) that the increase in respiratory rate on exposure 
to heat stress may be initiated and controlled purely by stimuli which 
originate peripherally ; (ii) that: panting may be initiated by stimulation 


acting at the periphery, but that the precise magnitude of the increase in 


the rate of breathing may be determined by changes in the temperature of 
the brain; (iii) that, while the temperature of the body may be regulated 
entirely by peripheral stimulation under moderate heat stress, more 
severe conditions may involve the heat sensitivity of the brain. 

In the present study the temperatures of the blood in the carotid artery 
and of various parts of the brain have been measured under several 
environmental conditions. In addition, information has been obtained 
about the change in respiratory rate which occurs when the brain is 
heated locally. It was also possible to make observations on the effect. 
of the rise in blood temperature which occurs after feeding. 


| METHODS | 

Five Ayrshire bull calves aged between 6 and 10 months were used. They were exposed in a 
climatic room (Findlay, McLean & Bennet, 1959) to three environmental conditions, (i) 
7-5° C dry bulb (DB) temperature 4-5° C wet bulb (WB) temperature, (ii) 18° C DB, 15° C 
WB, (iii) 36° C DB, 28° C WB. The animal was placed in a stall equipped with eight 250 W 
infra-red lamps placed four on each side and approximately 30 cm from the animal. The 
calves were first exposed to the room conditions, stated above, for 1 hr. The infra-red lights 
were turned on and observations were made for a further 14-3 hr. The lights were then turned 
off and the experiment continued for a further hour. Observations of temperature and 
respiratory rate were made every ten minutes. 

In another experiment the animals were starved for 24 hr before exposure in the climatic 
room. After the observations detailed below had been made for | hr the animals were pro- 
vided with food and allowed to eat for about an hour. The food was then removed and 


‘measurements of temperature and respiratory rate were again taken for 1 hr. 


The brain was heated locally during exposure to each of the environmental conditions. 
The rectal temperature was determined by means of a 40 s.w.G. copper-constantan thermo- 
couple inserted 10cm into the rectum. The temperature of the blood at the bicarotid 
junction was measured by means of an implanted 25 s.w.c. copper-constantan thermocouple, 
according to the method previously used in this Institute by Bligh (19574, 6). 

Temperatures in the brain were observed by means of an apparatus consisting of two 
thermocouples 3 cm apart. A wooden rod 2-5mm in diameter and approximately 8 em long 
was used to support the wires. The end of the apparatus carried a coil of wire, having a 
resistance of approximately 7Q and designed to carry a current of 0-4A, which was used as 
a heater. One copper-constantan thermocouple was attached to a copper sheath round the 
coil of wire and the other to the side of the rod. The whole apparatus was covered with 
‘Durofix’ cement. With the aid of a simple stereotaxic instrument the apparatus was 
inserted into the brain through a small drill hole in the top of the skull. The thermocouple 
and heater wires were led to a Perspex plate on which contacts were mounted. The plate was 
attached to the skull with screws. The operations were carried out aseptically under ‘Fluo- 
thane’ (1.1.1 trifluoro-2 chloro-2 bromo ethane-I.C.I.) anaesthesia. ; 

The rate of breathing was determined by means of the instrument described by Nisbet 
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(1958). In certain experiments the volume of air taken at each breath was measured by 
means of @ p tachometer (Nisbet, 1956). Tidal volumes were measured for 1 min. 
The temperature of the skin on the lumbar region was determined with 40 s.w.a. copper- 


- constantan thermocouples attached to the shaved skin with thin rubber patches and rubber 


cement (Beakley & Findlay, 19552). 

Controls. All animals were observed in each environmental condition during the week 
before the experiment to determine whether the implantation of thermocouples caused 
any gross changes in the control of body temperatures. The animals were observed in the | 
climatic room two or three days after the operation. | 

Post-mortem examination. The position of the thermocouple in ‘thie carotid artery was 
checked at post-mortem examination. The brain was removed and fixed in 10% formol 
saline. The position of the thermocouples was then determined by section of the brain. In 
those animals in which the heater was placed within the heat-sensitive part of the hypo- 
thalamus, the region near the heater was examined histologically to determine the extent of 
the damage to the surrounding tissues. 


RESULTS 
Effect of surgery on the control of body temperature 

Comparison of the animals’ reactions to heat before and after operation 
revealed that only calf D was affected by the implantation of thermo- 
couples. The body temperature of this animal was above the control value 
during the first few experiments after the operation, but later returned to 
normal. Calf E suffered damage to the radial nerve, due to slipping on a 
wet floor, and was unable to stand properly. Experiments with this animal 
had therefore to be restricted. No other abnormalities were noted in any 
of the animals. At post-mortem examination the tip of the thermocouple 
in the carotid artery was found to be at the bicarotid junction or in the 


innominate artery in all the animals. The — of the brain thermo- 
couples are shown in Fig. 1. 


Exposure to an environment of 7-5° C DB and 45° C WB 


Records are available for ten experiments on four animals. The general 
behaviour of the respiratory rate and of the temperatures of the blood, 
brain and. skin when the calf was irradiated with infra-red heat is illu- 
strated in Fig. 2. This figure shows the mean increase in temperature at 
10 min intervals computed from the results of ten experiments. Changes 


in temperature and respiratory rate were calculated by reference to the 


mean value obtained over the first 55 min in each experiment. Immediately 
after turning on the heaters the respiratory rate rose, and continued to 
rise for some 50 min, and then became stable at a value some 20-25 
respirations/min above the mean normal value obtained in the period 
previous to heating. The rise in respiratory rate was accompanied by an 
immediate rise in skin temperature. No rise in the temperature of the brain 
occurred until some 15 min after the heaters had been turned on. The — 
temperature of the brain then rose and became stable at about 0-5° C 
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above the control value. There was no immediate rise in the temperature 
of the blood in the carotid artery; in fact, there was a slight fall after the 
first 5 min of exposure to heat. The blood temperature rose and attained a 
constant level some 35 min after the heaters were turned on. The increase - 


Fig. 1. Section of brain showing position of thermocouples. @ = calf A, @ = calf 
B, @ = calf C, A = calf D, @ = calf E. The most ventral point in the diagram 
represents the position of thermocouple I and the heater, and the dorsal point 
gives the position of thermocouple II. | 
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Fig. 2. Mean changes in temperature and respiratory rate on exposure to infra- 
red irradiation (between the arrows) in an environment of 7 -5° C DB, 4:5° C WB 
Changes in temperature and respiratory rate were calculated by reference to the 
mean value obtained over the first hour in each experiment. Time marker, 10 min. 
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in temperature was greater in the blood than in the brain. On turning off 
the heaters there was an immediate fall in respiratory rate and in skin 
temperature, but the temperatures of both the brain and the blood in the 
carotid artery rose. The temperature of the brain then remained constant, 
but the temperature of the blood fell very slightly. — 
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Fig. 3. Mean changes in temperature and respiratory rate on exposure to infra-red 
irradiation (between the arrows) in an environment of 18°C DB, 15°C WB. 
Changes in temperature and respiratory rate were calculated by reference to the 
mean value obtained over the first hour in each experiment. Time marker, 10 min. 


A more detailed account of the changes in the temperature of the blood 
and brain is given in Table 1. It will be seen that the fluctuations in 
temperature varied both within and between animals. In some instances 
these temperatures remained constant during the period of heating or even 
declined. In other experiments the blood temperature increased during 


' heating. However, the rise of blood temperature after the infra-red heaters 


were turned off was always observed. During the first two exposures after 
the operation animal D had a high body temperature and by comparison 
with other animals the respiratory rate was also above normal. Exposure 
of this animal to the infra-red heaters resulted in the body temperature 
increasing to above 40° C. When the heaters were turned off the respiration 
rate did not decline. 


Exposure to an environment of 18°C DB and 15°C WB 


The same animals were used in nine experiments at 18° C. The general 
pattern of temperature and respiratory rate during infra-red irradiation 
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is shown in Fig. 3. The responses of the calves were similar to those observed 
at the lower temperature. The increase in the temperature of the blood was 
again greater than that of the brain. The rise in skin temperature was not 
as great as at 7°5° C, but the increase in respiratory rate was greater than 
that at 7-5° C (Tables 1 and 2). At the end of the period of heating the 
body temperatures did not rise as in the experiments at 7-5° C but fell very 
gradually. The temperature of the skin however fell rapidly to the control 


value. The respiratory rate also fell rapidly but again remained slightly 


higher than the control value. 

The results of individual experiments are shown in Table 2. As in the 
experiments at 7-5° C, in some instances the body temperatures remained 
steady during irradiation, but in others the temperature actually fell 
(B(ii)). The temperature of animal D, again, increased during the period of 
heating, in two instances to over 40° C. In these experiments the fall in 
respiratory rate after the heaters were turned off was slight. It will be 
seen from Tables 1 and 2 that in all animals the difference in temperature — 
between the two thermocouples in the brain was very small. 


Exposure to an environment of 35°C DB and 28° CWB 


In these experiments the animals were exposed to infra-red irradiation 
until the rectal temperature had reached 41-8—42-0° C. This temperature 
was regarded as the highest to which the calf could safely be subjected. 

Both blood temperature and respiratory rate tended to rise slowly 
during the period previous to infra-red heating. On exposure to infra-red 
irradiation the increases in respiratory rate and also in the temperatures of 
the brain and the blood in the carotid artery were immediate. In these 
experiments there was no tendency for the blood temperatures to fall on 
exposure to additional heat. 

When the animals were allowed to cool in the room at 35° C without 
infra-red irradiation the temperature of the body declined immediately 
but slowly. In five out of eight experiments, however, there was a marked 
rise in respiratory rate as the body cooled, after which respiration rate 
declined. In the remaining three instances the rise was less obvious. 


Effect of increased body temperature after feeding 
Observations of temperature and respiratory rate were made during the 


» whole experiment, but it was found that the movements made by the 


animal while it fed were transmitted to the respiratory counter. Com- 
parisons of respiratory rate had therefore to be restricted to the hour 
before feeding and the hour after food had been removed. The results 
obtained are summarized in Table 3. The temperature of the brain and of 
the blood in the carotid artery increased towards the end of the period 
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allowed for feeding and then declined slowly after the food was removed. 
The values of the respiratory rates recorded after feeding were compared 
with those obtained during the control period by means of a ¢ test. The 
analysis revealed that when the rise in the temperature of the brain was 
more than 0-5° C the change in respiratory rate was statistically significant 
(P < 0-001). An increase of less than 0-5° C was associated with a statisti- 
cally significant increase in the respiratory rate in only one instance. 


TaBLE 3, Rise in the temperature of the brain and the respiratory 


rate after feeding 
Respiratory rate 
Brain temperature (° C; thermocouple I) resp./min 
Before After Mean Mean Significance 
Animal Expt. feeding feeding rise rise of rise (P) 
A 1 37-86 + 0-003 38-85 + 0-005 +099 + 2:5 0-01-0-001 
B 1 38:40+0-000  39:1440-004 + 456 <0-001 
2 38-40 + 0-000 38-97 + 0-003 +057 + 3:54 £<0-001 
3 38-47 + 0-003 38-84 + 0-003 +037 + 142 =0-2 
l 38-584+0-010  39:5440-003 + 10:10 <0-001 
D 1 39-23 + 0-005 39-29 + 0-003 +0:06 — 2:29 0-2-0-1 
2 39-28+0-004  39-39+0-004 +0:16 — 072 0-3-0-2 
3 38-53 + 0-002 38-69 + 0-003 +0-11 + 2-08 0-01-0-001 


The effect of local heating of the hypothalamus 

In two animals the heater was placed within the heat-sensitive region of 
the hypothalamus. Heaters placed in other regions of the brain had no 
obvious effect on the animal. 

Animal E. As already mentioned, this animal had a damaged radial 
nerve and only a limited number of experiments were performed. The 
animal maintained a steady body temperature in an environment of 
20° C DB and 19-5° C WB and also at 9-5° C DB and 8-4° C WB. Under 
both conditions the temperature of the ear was only slightly above that of 
the environment. Local heating of the brain caused an increase in the 
respiratory rate to about twice the control value after 2-3 min, and an 
increase in the temperature of the ear to 35°C. After heating the brain 
for 10 min, during which time the respiratory rate was maintained at the 
increased value, the body temperature fell by 0-5° C. 

Animal C’. This calf also responded to local heating of the brain by an 
increase in the respiratory rate, but no effect was observed on the tem- 
perature of the ear. The increase in respiratory rate, and the accompanying 
fall in body temperature when. the brain was heated in an environmental 
temperature of 7-5° C, are illustrated in Fig. 4. At 18° C heating of the 
brain was again accompanied by an increase in respiratory rate ‘and a fall 
in body temperature both with and without infra-red irradiation. 
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On exposure to 35°C the body temperature increased slowly as in 
previous experiments. At temperatures of 39-5-39-9° C local heating of the 
hypothalamus resulted in an increase in the rate of respiration and a 
decrease in tidal volume (Table 4). After the temperature of the blood had 


SOF 


Respirations (0-5 min) 


= 


Fig. 4. Effect of local heating of the hypothalamus on respiratory rate. + heater 
switched on, | end of heating. 7-5° C DB, 4:5°C.WB, A, without infra-red irradia- 
tion; temperature of blood fell from 38-3 to 37-0° C during heating. B, with infra- 
red irradiation ; temperature of blood fell from 38-6 to 38-0° C during heating. Time 
marker, half minutes. 


TaBLE 4. Changes in respiratory rate and tidal volume during local 
heating of the hypothalamus at various blood temperatures 
(Measurements were taken immediately before, during and after heating and the 

mean change was computed.) 


Expt. 1 Expt. 2 

Temperature Tidal Temperature Tidal 
of blood _Respirations volume of blood _Respirations volume 

(°C) (resp./min) (°C) (resp./min) 
39-9 + 23-5 — 0-07 39-5 + 5 — 0-02 
40-1 — 13-0 + 0-26 39-9 +24 —0-17 
40-2 — 25 +0-14 40-6 + 9 +0-18 
40-2 — 65 +0-13 40-8 — 45 + 0-07 
40-1 — 6-0 +0-16 40-8 + 25 +0-01 
41-3 + 2 + 0-28 
41-4 + + 0-13 
41-5 —10 +0-21 


increased to above 40° C, however, the respiration rate decreased slightly 
in most instances and the tidal volume always increased. This occurred in 
two separate experiments. But at the end of the second series of obser- 
vations the animal no longer responded to heating of the brain at any 
environmental temperature, and it was concluded that damage had been 
caused in the region of the heater. Histological examination of the hypo- 
thalamus revealed that lesions had been produced in both animals. The 
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position of the heater was marked by a cavity, the sides of which were 
necrotic. In both animals the heater had been placed in the mid line, and 
damage to the lateral regions of the hypothalamus had been avoided. 


DISCUSSION 
The results indicate that under moderate environmental conditions the 
rise in respiratory rate, which occurred in response to infra-red heating, 
was not related to changes in the temperatures of either blood in the 
carotid artery or the brain. At environmental temperatures of both 7-5° 


and 18° C irradiation with infra-red light was accompanied by an increase’ 


in the respiratory rate. But often the temperature of the brain and blood 
remained constant or fell slightly (Tables 1 and 2). Even. when the in- 
crease in body temperature was greater than 0-1° C the respiratory rate 
fell markedly when irradiation ceased. Only when the mean temperature 
of the body increased to about 40° C did the high rate of respiration persist 
after the infra-red heaters were turned off. In a series of experiments on 
sheep, Bligh (1959) found that in this species also the respiratory rate may 
in some instances rise steadily for 1 hr without any change in the mean 
temperature of the body. On the other hand it has been demonstrated in 
the present study that the rise in the blood temperature which occurred 
after feeding was accompanied by only a slight increase in respiratory rate. 

Experiments by Forster & Ferguson (1952) lend some support to the 
view that the temperature of structures which lie deep in the body are of 
importance in the control of heat-loss mechanisms. They introduced ice- 
_ cold water into the stomachs of cats subjected to heat stress and observed 
that the respiratory rate decreased immediately. It is, however, quite 
possible that the stomach wall contains receptors which were stimulated 
by the sudden change in temperature. In any event it may be pertinent 
that these observations relate to animals whose body temperature was 
considerably above the normal range. _ 

From the work of Bligh (1957a, 1959), and the present study, it appears 
most probable that when the body temperature is within the normal 
range the stimulus for an increased respiratory rate acts almost entirely 
at the periphery. The magnitude of the increase in respiratory rate must 
thus be governed by some factor other than the mean temperature of 
either the body or the brain. One possibility is that the rate of heat loss 
from the body surface is of importance in this respect. 

The experiments conducted in environments of 7:5 and 18° C yield two 
further points of interest. One is that at the end of the period of infra-red 
irradiation, when the skin temperature had returned to the control value, 
the rate of respiration did not decline completely to the control value, but 
continued at a rate of about 5 respirations/min above it. If it is assumed 
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that this slight increase has any physiological significance it may be related 
to the small persisting rise in the temperature of the brain. It is of interest 
to note in this connexion that the increase in respiratory rate after feeding 
was of the same order as that observed at the end of the period of heating, 


_and that the rises in the mean temperatures of the body were also similar. 


The change in the respiratory rate after feeding may be related to a change 
in the demand for oxygen, respiratory stimulation from joints, or specific 
dynamic action of the food, but the possibility that it is directly related to 
the rise in body temperature cannot be ignored. 

The second point which arises from these experiments is that in those 
instances where the temperature of the body increased to about 40° C the 
high rate of respiration persisted even after heating was stopped. 

Local heating of the hypothalamus of the calf also caused a rise in the 


respiratory rate but it is very probable that the temperatures needed to 


produce these effects were above 40° C. In those studies in which the rise 
in temperature was measured (Magoun ef al. 1938; Lim & Goodins, 1955) 
no marked increase in respiratory rate was observed until the temperature 
reached 42—43°C. Such temperatures may, however, be reached under 
extreme heat stress in the calf. igs Re 

It is therefore suggested that the increase in the rate of respiration in 
response to heating has two components. One depends on peripheral 
stimulation and is of major importance when the mean temperature of the 
body is within the normal range. The other, which is related to the tem- 
perature of the brain, is of little account under moderate conditions of 
heating, but assumes much greater significance when the temperature of 
the body rises above about 40° C. The second component mentioned above 
is complicated by at least two factors. The first is that, as recently demon- 
strated by Holmes, Newman & Wolstencroft (1958), not only does local 
heating of the hypothalamus cause a rise in the respiratory rate, but so also 
does heating of structures in the hind brain. A rise in the temperature of 
the brain thus influences respiration rate by its effect on more than one 
centre. 

Findlay (1957) showed that when the rectal temperature reaches 40-5° C 
there is a sudden decrease in the respiratory rate and a rise in both the 
tidal and minute volumes. In his opinion the change in respiratory rate 
suggests that the danger from hypothermia takes precedence over the | 
danger from alkalosis which develops in these animals. As demonstrated 
by Beakley & Findlay (19555), Findlay (1957) and Bianca (1958), and 
confirmed in the present study, the respiratory rate increases when the 
body begins to cool from 42°C. In the experiments of these previous: 


workers, however, only the rectal temperatures were recorded, and the fall 


in the temperature of the body occurred after the respiratory —— 
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to rise. The results of Bligh (1957b) which have been confirmed in the 
present study, indicate, however, that the temperature recorded in the 
rectum lags behind that of the blood during cooling and that the tem- 
perature of the blood falls immediately. The likelihood is that, in Findlay’s 
and Bianca’s experiments also, the fall in the blood temperature was 
immediate. It is possible that under these conditions, when the tempera- 
ture of the body is falling, the danger from alkalosis takes peeeemenoe over 
hyperthermia. 

If the changes in the rate of respiration and in the tidal volume are con- 
trolled, at least in part, by the hypothalamus, then it is likely that the 
reaction of the centre to heat depends on whether the body as a whole is 
gaining or losing heat. Some evidence which suggests that the reaction of 
the hypothalamus to heat does depend on the temperature of the rest of 
the body is provided by the present experiments in which the brain was 
heated while the blood temperature was above and also below 40° C. 


SUMMARY 


1. The temperature of the brain and of the blood in the carotid artery 
has been measured in calves. 

2. In environments at 7-5°C DB and 18°C DB heating with infra- 
red irradiation was accompanied by a rise in the respiratory rate but body 
temperature at first fell slightly before beginning to rise. In an environ- 
ment at 35° C there was no fall in body temperature on exposure to infra- 
red irradiation, but respiratory rate increased. | 

3. When irradiation ceased, respiratory rate declined to almost the 
control value provided the body temperature was below 40°C. At body 
temperatures above 40° C removal of the irradiation had no immediate 
effect on the respiratory rate. 


_ 4, A rise in body temperature of 0-5° C after feeding resulted in only 


a very slight increase in the respiratory rate. 
5. Local heating of the hypothalamus caused an increase in deitbiitory 


rate and a decrease in tidal volume when the body temperature was below — 


40° C. There is some evidence, however, that at higher body temperatures 
heating of the hypothalamus caused a decrease in respiratory rate and an 
increase in tidal volume. 

6. It is suggested that when the body temperature is within the normal 
range thermal polypnoea is controlled by stimulation at the periphery. At 
body temperatures above about 40°C stimulation of central receptors 
appears : to become of major importance. 

The authors are grateful to Dr F. R. Bell, Royal Veterinary College, for his helpful 


criticisms during the preparation of this paper; to Miss D. McLelland and Mr R. Mabon for 
their skilled technical assistance and to Mr W. Nisbet who manufactured the thermo- 
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junctions. This work was carried out in a climatic laboratory built with the aid of a grant 
by the Colonial Office from the Colonial Development and Welfare Fund. 
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FROG’S SPINAL CORD POTENTIALS GENERATED BY 
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The potential changes recorded from the dorsal surface of the frog’s 
spinal cord after stimulation of a dorsal root have been analysed by 
‘Bonnet & Bremer (1952) in spinal preparations. In 1953 Kolmodin & 
Skoglund investigated the distribution of the intramedullary potential 
changes evoked in isolated segments of the frog’s cord by dorsal root 
stimulation; they were able to record typical potential pictures from four 
different regions of the cross-section. Brookhart & Fadiga (1960) have 
produced evidence of monosynaptic activation of the motoneurones by 
both dorsal-roct and lateral-column stimulation in isolated frog’s cord 
depressed with pentobarbital; by mapping the potential changes they 
showed that the post-synaptic responses were confined to a dorsal horn 
area occupied by interneurones and motoneuronal dendrites, when evoked 
by dorsal-root stimulation, and to the ventral horn when motoneurones 
were excited by impulses in the lateral column. Dorsal-surface potentials 
elicited by stimulation of cutaneous and muscle nerves have been 25 ate 
in a short account by Marx (1959). 

The distribution of potential changes generated in the spinal sit of the 
cat after stimulation of muscle and cutaneous afferent fibres has been 
investigated by Eccles, Fatt, Landgren & Winsbury (1954), Coombs, 
Curtis & Landgren (1956) and Fernandez de Molina & Gray (1957); it was 
possible to identify in certain areas groups of neurones which responded in 
a specific manner to activation of a particular group of afferent fibres. 
Such a study has not yet been made in the spinal cord of the frog: the 
potential changes recorded by Kolmodin & Skoglund (1953) are complex 
because of the compound nature of the dorsal root volley. The present 
investigation was undertaken in order to study the distribution of po- 
tential changes evoked in the spinal cord: of the frog after selective 
activation of cutaneous and muscle afferents. It is the purpose of this 
paper to describe experiments dealing with activation of cutaneous 
afferents and designed to obtain information about the nature of the 
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cord’s responses and the location of the structures responsible for their 
generation. A preliminary account of this work has already appeared 
(Bravo & Fernandez de Molina, 1960a). 


METHODS 


Preparations. The experiments were performed on frogs (Rana esculenta). After ether 
anaesthesia the vertebral canal was opened and the brain stem cut either above the optic 
lobes or, in a few experiments, at the caudal end of the medulla; the brain above the cut was 
then destroyed. The spinal cord was exposed from the VI segment down to the caudal tip. 
Nerves in one limb were prepared for stimulation, usually the dorsolateral pedicular or the 


lateral crural, The animal was then mounted in a brass frame, vertebral processes being 


fixed by special clamps. The whole leg with dissected nerves was introduced into a paraffin 
pool. The white fat of the dura was removed and the arachnoid stripped from the dorsal 
surface of the VIII, IX and X segments, 

Stimulation. Stimuli were applied to the nerve through platinum wires from a square- 
wave stimulator having the output isolated from earth and of low impedance. The duration 
of the pulses was 0-:2—0-4 msec. : 

Recording. Glass capillary electrodes filled with 4m-NaCl, and with a tip diameter of 
1-4» and a resistance of 2-4 MQ, were used to record the potential changes generated in the 
cord. The electrolyte solution was connected to the grid of a cathode follower through a 
chlorided silver wire. The indifferent electrode, a small chlorided silver plate, was attached 
to the back muscles and the frame was earthed. An RC-coupled differential amplifier with 
a time constant of 5 sec was employed and the potential changes were displayed on one beam 
of a double-beam oscilloscope and photographed. All the records shown in this paper were 
obtained extracellularly with signal negativity of the micro-electrode tip as an upward 
deflexion. In some experiments the afferent volley was recorded from a filament of the dorsal 
root and the reflex discharges from the ventral root by means of platinum wires; after suit- 
able amplification the potentials were displayed on the second beam of the oscilloscope. 

Experimental procedure and histological checking. These have been described in a previous 
paper (Fernandez de Molina & Gray, 1957). Owing to the small size of the frog’s cord no 
more than two tracks could usually be made in each transverse plane. In some experiments 
the insertion of the micro-electrode was made through the lateral surface of the cord in order 
to reach the motoneurones more easily. 


| RESULTS 
, Dorsal surface potentials | 

Figure 1 shows three records obtained from the dorsal surface of the 
cord at the level of the IX segment in different experiments, after stimu- 
lation of the dorsolateral pedicular nerve with a strength above threshold 
for polysynaptic reflex discharge. The potential sequence is made up of 
four deflexions. The first deflexion (S) is the action potential of the in- 
coming sensory fibres, consisting of a small positive followed by a large 
negative deflexion; the positive component was better observed when the 
pia was opened and the micro-electrode tip placed in the dorsal column or 
in the dorsal horn, as is the case in record (c) on the left in Fig. 6. This 
initial spike has a latency which corresponds to the time for transmission 
of the volley in the largest cutaneous fibres. 
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The deflexions which follow the primary spike we shall call phases of 
activity (Fernandez de Molina & Gray, 1957). The first phase reaches its 
peak 1-8-2 msec after the negative peak of the incoming volley and has a 
total duration of 12-14 msec (Fig. 5a). The latency of this phase, counted 
from the reversal point of the initial positivity of the spike to the onset of 
the potential (Fig. 6c, left column, between arrows) averages 1-2 + 
0-065 msec (n = 21), a time which is in agreement with that reported by 
Brookhart & Fadiga (1960) for synaptic delay in the frog’s spinal cord. ‘The 
second phase rises from the descending limb of phase I, reaching its peak 


Fig. 1. Records from different experiments to show, S the afferent primary spike, 
and I, II and III the three phases of cord activity. Time marker, 10 msec; voltage 
calibration in 0-4 mV steps. 


3-5-4 msec after the negative peak of the primary spike; the amplitude of 
this phase at the surface of the cord is usually bigger, in a few experiments 
equal, but never smaller than that of phase I. Its total duration cannot be 
determined with accuracy because it becomes obscured by the rising limb 
of the third phase, although it is of a similar order to that of the phase I, 
as can be seen when the third phase is abolished by stimulating with a 
higher frequency (see below). Phase III has a much slower time course, its 
peak being reached 20-25 msec after the negative peak of the initial spike 
and its time of decay being about 200-250 msec. 

When two cutaneous nerves, the dorsolateral pedicular (P) and lateral 
crural (C), were maximally stimulated in such a way that both afferent 
volleys arrived simultaneously at the cord, the three phases of activity 
showed occlusion. Typical figures in arbitrary units were, for phase I, 


P = 14, C = 9, P+C = 17; for phase II, P = 17, C = 13, P+C = 20; 


and for phase III, P = 11, C= 7 and P+C = 12. The occlusion for 
phase IIT was almost complete. 
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Intramedullary distribution 
When recording at various depths along tracks in a dorsoventral 
direction a characteristic pattern of distribution of the three phases of 
activity was observed. Figure 2 illustrates two series of records obtained 
with different sweep speeds in one of such tracks, passing along the dorsal 
horn, intermediary region and ventral horn as is shown by the line A in 


Fig. 4. The figure to the left of each record gives the depth in millimetres 
below the dorsal surface of the cord at which it was obtained. In this 


Depth from surface (mm) 


1:20 


Fig. 2. Series of records obtained with different sweep speeds to show the focal 
potentials recorded at the surface (S) and at the indicated depths (ordinate) along | 
the track shown by line A in Fig. 4 after stimulation of the dorsolateral pedicular 
nerve with a strength 5 times threshold. Time, 10 and 30 msec intervals for the left 
and right series respectively; voltage calibration 1 mV. 

At depth 0-25 mm, phase I maximal; 0-50 mm, phase II maximal, phase I 
decreasing; 0:75 mm, phase I reversed, phase II considerably decreased and 
phase III maximal; 0-95 mm, phases I and II reversed, phase III decreased; 
1-4 mm, phase III completely reversed. . 


particular experiment the dorsolateral pedicular nerve was stimulated but 
the pattern of distribution was essentially the same when the lateral 
crural or the posterior femoris were stimulated and records obtained at 
the optimum segmental level. - 

The incoming volley could be recorded at the dorsum of the cord and 
dorsal horn, then became smaller and later could no longer be seen (from 
fourth record downwards). In this experiment phase I reached its maxi- 
mum amplitude at 0-3mm, then diminished in size, and at 06mm 
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reversed to a positive potential of similar time course, which is seen in all 
the deeper records. Phase II had its maximum more ventral than phase I, 
at about 0-5 mm, then decreased in amplitude and at 0-8 mm began to 
reverse to a positive potential which was well developed from the depth 
of 1 mm downwards. Phase III reached its maximum even more ventrally, 
at a level (0-8 mm) at which phase I had completey reversed and phase II 
had begun its reversal. This maximum was situated at the level of the 
intermediary region. More ventrally it diminished in amplitude and near 
the level of the motoneurone pool it reversed to a positive potential with a 
shorter time course. 


Fig. 3. Motoneurone and ventral-root responses. a, simultaneous recording from 
the IX ventral root (upper trace) and within the motoneuronal pool (lower trace) 
after stimulation of the dorsolateral pedicular nerve at the level of the lower half 
of the IX cord segment. 6b, another experiment, record obtained from a position 
slightly medial to the motoneurones (upper limit of the IX cord segment) after 
stimulation of the same nerve. In both experiments the micro-electrode was — 
inserted through the lateral surface of the cord. Time marker, 10 msec; voltage 


calibration applies to all records: a, upper trace 500 nV, lower trace 800 »V 
and 6, 700 pV. 


In the track just described the electrode passed medial to the moto- 
neurone pool. Figure 3 illustrates two records obtained at the level of the 
motoneurones in two different experiments in which the micro-electrode 
was inserted through the lateral surface of the cord. When the micro- 
electrode tip was placed within the motoneuronal pool the record obtained 
consisted of two initial positivities, which correspond in time course to 
dorsal negativities (phases I and IT), followed by & complex negative wave 
with some spikes superimposed on it (Fig. 3a, lower record). These spikes 
have a latency of a similar order to that of the reflex discharges recorded 
from the ventral root (Fig. 3a, upper record). Record (b) was obtained in 
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a position slightly medial to the motoneurones and the same sequence of 
potential changes can be seen; but in this record the ventral horn nega- 
tivity is interrupted by the development of the third positivity. In a still 
more medial position this late positivity is recorded without being masked 

by the ventral negative wave (bottom records in Fig. 2). | 


0-5 i 0 0-5mm 


Fig. 4. Distribution of phases of cord potential, all ipsilateral. Right side: 
dotted region, phase I, [] maximum of phase I; hatching, phase II, A maximum 
for phase II ; cross-marked and interrupted lines are reversal levels for phases I and IT 
respectively. Left side: O maximum for phase III; dash-dot line is the reversal 
level of this response, which was recorded in the grey substance above this line and 
in the dorsal column. A gives course of the track along which the potentials 
shown in Fig. 2 were recorded. Lateral columns were not explored. : 


The distribution of the three phases of activity, as deduced from series 
of tracks made in different experiments, is shown in Fig. 4; the right side 
refers to phases I and II (dotted and single-hatched zones respectively) and 
the left side to phase III. The two first phases have their maxima in the 
dorsal horn, that: of phase I being more dorsal than that of phase II. The 
lateral positions of these optima could not be determined accurately 
because usually no more than two tracks could be made in each trans- 
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verse plane, but both phases tend to be greatest at about 0-4 mm from the 


middle line, near the line of entrance of the dorsal root. Cross-marked and 


interrupted lines show the levels of reversal for phases I and II respec- 
tively. Phase III has the best defined maximum level and this corresponds 
to the intermediary region near the ependymal canal; dash-dot line shows 
the reversal level for this phase. 


Relation of the cord potentials to the afferent volley 


In six experiments the afferent volley was recorded from a filament of 
the dorsal root simultaneously with the dorsal surface potentials. Figure 5 
shows three pairs of records obtained in one such experiment when the 

dorsolateral pedicular nerve was stimulated with progressively increasing 
strengths. With a strength 1-2 times threshold (a) the phase I is well 


Fig. 5. Stimulus strength. In all records, top beam, afferent volley in a dorsal root 
filament and bottom beam, cord potentials. a,b and c stimulus strength: 1-2, 2 and ° 
5 times threshold. Cord potentials were recorded from the dorsal surface. Time 


marker 10 msec; voltage calibration, 1-3 mV for top beam and 0-6 mV for bottom 


developed together with a small component of phase III and one spike can 
be seen in the dorsal-root action potential ; the conduction velocity for this 
group of fibres is in the range of 25-28 m/sec. As the strength of stimu- 
lation is increased (27') the second phase rises from the descending limb 
of the first one, the third phase i increases in amplitude and simultaneously 
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a second spike develops in the action potential recorded from the dorsal 
root (b); this second group of fibres has a conduction velocity of 16 
20 m/sec. The record (c) was obtained with 57’ strength; both spikes in the 
dorsal root record have reached their maximum amplitude and the three 
phases are completely developed. It is of interest to note that the time 


between the first afferent spike and the peak of the first phase is of an 


order similar to that between the second afferent spike and the peak of the 
second phase. With the intensities and pulse durations employed in these 
experiments we were not able, even when using higher amplification, to 
detect a further component in the action potential recorded from the 
dorsal-root filament. 

It might be thought that the second spike in the dorsal-root action 
potential could be due to repetitive activity in the same group of fibres 


responsible for the generation of the first spike; this explanation seems 


unlikely to us for several reasons. In order to obtain a better estimate of 
the conduction velocity of the pedicular nerve fibres activated, the action 
potential was recorded both in the sciatic nerve and in the dorsal root; in 
these experiments the interval between the two spikes was shorter at the 
level of the sciatic nerve than in the dorsal root, a result which is not to 
be expected if the same group of fibres were responsible for the generation 
of both waves in the afferent volley. We have also to consider the low — 
strength of stimulation required to obtain the second afferent spike (in 
some experiments 1-5 x 7' only), the consistency of its appearance in all 
the experiments and the regularity of the interval between the spikes 
during each experiment. 


Effect of repetitive stimulation and barbiturates 

The three phases of cord activity were affected in different ways by 
repetitive stimulation and by Nembutal (pentobarbitone; Abbott Labora- 
tories) administration. Figure 6 illustrates the effect of various frequencies 
of stimulation on the amplitude of the phases of the cord potential. 
Records in the left column were taken when stimulating with a frequency 
of 10/min and a strength five times threshold; records (a) and (b) are 
single traces and record (c) was made by superimposing five sweeps. 
Records in the right column were made as follows: (a) is a single trace, the 
third of a series made with a repetition rate of 15/min; (b) and (c) are each 
the second of a series taken when stimulating at frequencies of 20/sec and 
50/sec respectively ; as the burst of stimuli had a duration of 1 sec there are _ 
20 and 50 traces superimposed on each record respectively. The burst of 
stimulation was repeated every 3 sec. It can be seen that repetition rates 


of 15/min suppressed phase III and reduced phases I and II by 10-15%. 


A frequency of 20/sec reduced both phases I and II by 60%, and these 
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phases were almost abolished by a repetition rate of 50/sec. The adminis- 
tration of 2 mg of Nembutal (total amount) abolished phase ITI within 
5 min of the —T and reduced the — - phases I and II by 
20%- 


Fig. 6. Effect of repetitive stimulation. Left column: frequency of stimulation, 
10/min; a and b single traces, c five superimposed sweeps. Right column: a, single 

_ trace, frequency of stimulation 15/min; 6, 20/sec and c, 50/sec; in b and c there are 
20 and 50 superimposed sweeps respectively. In a, cord potentials were recorded 
from the dorsal surface; in b and c (another experiment), the records were obtained 
at 0-4 mm depth and 0-3 mm from the mid line in the dorsal horn. Time marker 
under 6, 10 msec; under c, 10 msec for row a, and 1 msec for row c. ee 
calibration in 450 pV steps. 


DISCUSSION 


Impulses in primary neurones from the skin of the frog can only be 

recorded in the dorsal half of the grey substance, as has also been shown in 
the cat (Fernandez de Molina & Gray, 1957). This suggests that most of 
the cutaneous afferent fibres form synapses with other cells in that part 
of the cord. 
_ The three phases of activity that follow the primary spike have been 
shown to be sensitive to repetitive stimulation and to Nembutal, and to 
exhibit occlusion, a result suggesting that these potential changes can be 
considered as originating from post-synaptic structures. 

The brief latency and time course of phase I as well as its relative resist- 
ance to repetitive stimulation and to Nembutal seem to indicate that this 
potential results from activity in second-order neurones located in the 
dorsal horn. The afferents that set up this response are the largest from the 

The parallel development of phase II and of the second spike in the 
action potential recorded from the dorsal root supports the view that this 
second component of the afferent volley activates neurones responsible for 
the generation of the second phase of cord activity. The time between the 
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first spike of the afferent volley and the peak of phase I is similar to that 
between the second afferent spike and the peak of phase II. Phases I and 
II also respond in a similar way to repetitive stimulation and to Nembutal 
administration. It has been shown that the. maximum amplitudes of 
phases I and If occur at different levels in the cord, near the dorsal 
boundary of the grey matter and at the base of the dorsal horn respectively. 
All these facts are consistent with the inference that phase II originates 
from activity in second-order neurones located in a more ventral level of 
the dorsal horn. | 

The two groups of afferent fibres whose activity is responsible for the 
generation of phases I and II might be related to the two types of cu- — 
taneous receptors (A, and A,) described by Fessard & Segers (1942) in the 
skin of the frog. 

The third phase had a longer latency and it was more sensitive to repeti- 
tive stimulation and to Nembutal than phases I and II. It would seem | 
that this phase represents activity in at least third-order neurones. It 
could be obtained at stimulus strengths at which phase I was not maximal 
and continued to increase, with increasing stimulus strength, as the 
second phase rose from the descending limb of phase I. The maximum 
amplitude was recorded at the level of the intermediary region. It seems, 
then, that interneurones located at this level are likely to be activated by 
- impulses generated in interneurones of the dorsal horn, which are them- 
selves activated by impulses in the two groups of primary afferent fibres. 
However, it should be kept in mind that at this level of the cord a great 
number of the more dorsal dendrites of motoneurones are also present and 
we cannot exclude the possibility that activity generated in these dendrites 
contributed to phase III. This possibility must be considered, since the 
facilitation of the antidromic response by a cutaneous afferent volley 
(Bravo & Fernandez de Molina, 19605) begins to appear at the peak of the 
second phase, a fact which suggests that only one neuronal link exists 
between cutaneous primary fibres and these dendrites in the shortest 
pathway to motoneurones. | 

The sequence of potential changes that we have recorded on the dorsal 
surface differs from that reported by Marx (1959) in that this author does 
not mention our phase III. The most probable reason is the extreme 
sensitiveness of this phase to frequencies of stimulation as low as — 
12-15/min. 3 

The two first negative potentials recorded in the dorsal horn are 
paralleled by positive potentials in the more ventral regions of the cord ; 
it could be assumed that these positivities represent source activity for 
dorsal sinks, because the latencies are identical for both dorsal negative 
and ventral positive potentials. It would seem then that axons from dorsal 
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horn interneurones pass into the intermediary region and ventral horn but 
we have no evidence from which to draw any conclusion about the further 


‘ - gourse or termination of these axons. 


The complex negative potential and superimposed spikes which were 
recorded at the level of the motoneurones, and which followed the first 
two positivities, seem to represent asynchronous synaptic potentials and 
spike potentials generated in the motoneurones. The spike discharges 
recorded from the ventral root had a latency of a similar order to those 
recorded in the ventral horn. 

The third positivity which can be seen in records obtained at the ventral . 
horn level had a time course somewhat shorter than that of the late 
negative potential (phase III). Its appearance here depends on the degree 
of development of the ventral horn negativity. If the assumption is made 
that phase III is due to activity of both intermediary neurones and dorsal 
dendrites of motoneurones, this third positivity could then be interpreted 
as being source activity for these two components. But the possibility 
cannot be excluded that potentials of an inhibitory nature and of a di- 
synaptic order take part in the generation of this ventral positivity. 
Further research is required in order to clear up these problems. 


SUMMARY 


1. This investigation is concerned with the potential changes generated 
in the spinal cord of the frog after stimulation of cutaneous nerves. 

2. When recording from the dorsal surface of the cord the primary spike 
was followed by three phases of potential change. 

3. Phase I reached a peak 1-8-2 msec after the primary spike and was 
elicited by activation of the lowest threshold afferent fibres, having a 
conduction velocity of 25-28 m/sec. Phase II reached its peak 1-8 msec 
after the negative peak of a second component of the afferent volley, which 
had a conduction velocity of 16-20 m/sec. Phase III reached its peak 
20-25 msec after the primary spike and developed almost parallel with 
the two first phases of activity. 

4. The three phases were sensitive to repetitive stimulation and to 
administration of pentobarbital, phase III being the most sensitive. 
Occlusion between two cutaneous nerves was found for all three phases. 

5. The intramedullary distribution of these phases was analysed. 
Phases I and IT had their optimum amplitudes in the dorsal horn, that for 
phase II being more ventral. Phase III showed its maximum at the level 
of the intermediary region. 

6. Three positive potentials occurred in the ventral horn. At the level 
of the motoneurones a complex negative wave with superimposed spikes 
developed after the second positivity; the latency of these spikes was of 
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the same order as that of the reflex discharge recorded from the ventral 
root. | 

7. The nature of these phases of activity has been discussed. It is 
suggested that phases I and II are due to post-synaptic activity in second- 
order neurones located at different levels in the dorsal horn. Phase ITI 
represents activity in higher-order neurones; the two possible components 
generating this phase were discussed. 
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NEUROHYPOPHYSIAL HORMONES OF NON-MAMMALIAN 
VERTEBRATES 


By H. HELLER anp B. T. PICKERING 
From the Department of Pharmacology, University of Bristol 


(Received 3 August 1960) 


Extracts of non-mammalian neurohypophyses, when tested in mammals 
or on mammalian tissues, produce the same pharmacological effects as 
mammalian posterior pituitary preparations. Table 1 shows the phyletic 
distribution of these activities. Relative to their oxytocic, pressor and 
antidiuretic potencies in mammals, however, non-mammalian extracts 
have been shown (Heller, 19416; Lazo-Wasem & Weisel, 1952; Sawyer, 
1957) to exert a much greater effect on the water balance of frogs. It was 
therefore suggested (Heller, 19416) that non-mammalian vertebrates 
secrete a hormone which is different from, but chemically closely related to, 
oxytocin and vasopressin. Heller & Lederis showed in 1958 that small 
amounts of neurohypophysial peptides in crude extracts could be separated 
by paper chromatography and it was therefore decided to re-examine the 
earlier work on lower vertebrates. cept 

The experiments to be described deal mainly with the chromatographic 
and pharmacological characterization of the active peptides in pituitary 
extracts from teleost fishes, amphibians, reptiles and birds. A peptide not 
demonstrable in mammalian neural lobes was found, and the second part 
of the paper describes attempts to purify it and to identify its chemical con- 
stitution. Preliminary accounts of some of these results have already been 
given (Pickering & Heller, 1959; Heller & Pickering, 1960). 

Nomenclature. The term oxytocin is used in reference to the octapeptide - 
characterized by du Vigneaud, Ressler & Trippett (1953) and Tuppy (1953). 
Konzett & Berde (1959) suggested that other active neurohypophysial 
peptides and their synthetic analogues should be expressed as derivatives © 
of oxytocin. Thus arginine vasopressin, for example, becomes phe*- arg*- 
oxytocin. This nomenclature has been adopted in the present paper. 


METHODS 


| Preparation of extracts 
Pituitary glands were obtained from representatives of the following vertebrate classes: 
Marine teleost fishes. Pollock (Pollachius virens). A powder obtained by lyophilizing whc!le 
pituitaries was used. The fishes were collected and dissected by Dr Grace Pickford and her 
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assistants working under a grant from the U.S. National Science Foundation (NSF 
G-7262). The pituitaries were deep-frozen ang sent to Professor A. E. Wilhelmi who treated 
them as follows: The glands were thawed in fhe cold room, transferred to the lyophilizer and 
cooled to —20°C. After evacuation of thé chamber, the material was warmed to a final 
operating temperature of 23° C. The dry powder was crushed and dispatched oid air. 750 g 
fresh weight of pollock pituitaries gave 122 g dry powder. 


Elasmobranch fishes. Two species of dogfish (Squalus acanthias and Scyliorhinus caniculus). 
Fresh-water teleost fishes. Trout (Salmo iridens). 


Amphibians. Frog (Rana temporaria) and toad (Bufo bufo). : 


Reptiles. Tortoise (Testudo graeca) and grass snake (Tropidonotus natriz). 
Birds. Fowl (Gallus domesticus) and pigeon (Columba palumbus). 
Fresh glands were obtained from all the above vertebrates. The neuro-intermediate lobes 
were dissected from all but the trout, from which whole pituitary glands were used. 
Acetic acid extracts. The-eesh glands or the dry powder obtained from pollock pituitaries 
were extracted with 0-25 % (v/v) acetic acid as described by Heller & Lederis (1959). 


Assay méthods 

Oxytocic assay. Heller & Lederis’s (1959) modification of the pharmacopoeial procedure 
(British Pharmacopoeia, 1958) was used. 

Vasopressor assay. Dekanski’s (1952) modification of Landgrebe, Ventas & Waring’s 
(1946) method was used, but dibenyline was injected instead of dibenamine. : 
Antidiuretie assay. The method of Jeffers, Livezey. & Austin (1942), employing intra- 

venous injections into ethanol-anaesthetized rats, was used. | 

Galactobolic (milk-ejection) assay. The method of Cross & Harris (1952) and the recording 
system described by Fitzpatrick (1960) were used. 

‘Water-balance assay. The method was essentially that introduced by Heller (19415). 
Frogs were kept during the night in separate jars each containing water to a depth of about 
lin, (2-5cm). Next morning the water was changed, the frogs’ urinary bladders were 
emptied, and the animals were weighed to the nearest 0-05 g. Thereafter the bladders were 
emptied and the frogs weighed at hourly intervals. Injections were given into a vcutral — 
lymph sac 3 hr after the first weighing. The experiment was continued until the animals no 
longer increased in weight. Since Boyd & Brown (1938) had found that the rate of water 
uptake is influenced by changes in temperature, the experiments were carried out at 18° C in 
a thermoregulated room. 

Responses to hormones were expressed as percentage increase in body weight. The unit of 
water-balance activity was originally defined (Heller, 19416) as the activity of 0-5 mg 
International Standard Powder. However, since the vasopressin in the standard powder 
also exerts some water-balance activity, synthetic oxytocin (Syntocinon; Sandoz) was used 
as standard. In other words, the unit is now defined as the (frog) water-balance activity 
exerted by one (rat uterus) unit of Syntocinon. ; 

Hen uterus (shell gland) assay. A laying hen was killed by decapitation and the contrac- 
tions of a strip of the shell gland were recorded. The following suspension fluid. was found 


most suitable (Heller & Lederis, 1960) (g/l.): NaCl, 6-6; KCI, 0-42; CaCl,, 0:01; NaH,PO,, 0:1; 


Na,HPO,, 0:1; NaHCO,, 2-5. The bath solution was maintained at 40° C. 

Standard preparations, Pitressin (Parke, Davis and Co.); synthetic oxytocin (Syntocinon, 
Sandoz); phe*-arg*-oxytocin (arginine vasopressin, prepared from ox neurohypophyses by 
paper chromatography). All these preparations were standardized against the third 
International Standard Powder. 

Index of discrimination. The calculation employed was a modification of that suggested 
by Gaddum (1955). The potencies of two substances were determined in terms of a standard 
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preparation and the index of discrimination was taken to be the ratio of these two potencies. 
If the two substances in question are identical, the index of discrimination will be unity 
whatever assay method is used. 

Chemical methods 

Paper chromatography. Both ascending and descending techniques were used. Solvents 
employed for the development of paper chromatograms were: (a) butanol—acetic acid—water 
(4:1:5 by vol.); (6) ethyl acetate—acetic acid—formic acid—water (18:3:1:4 by vol.); (c) cello- 
solve-ammonium sulphate—water (24:20:56 by wt.); (d) «-picoline—water (6:4 by vol.). Two 
staining methods were used. The chromatograms were sprayed with 0-2 g ninhydrin/100 ml. 
butanol and then dried and heated to reveal the spots, and/or stained according to the 
method of Reindel & Hoppe (1954) as described by Heller & Lederis (1958). The peptides 
were eluted with NaCl solution 0-9 g/100 ml. The dried paper was cut into horizorital strips 
and each of these was again cut into small pieces which were placed in numbered tubes. An 
appropriate volume of NaCl solution was added to each tube and the contents thoroughly 
mixed. After filtering, half of the volume initially used was again added; the pieces of paper 
were finally squeezed over the filter. 

Preliminary purification of pollock pituitary extracts. The procedure used was essentially 
that introduced by Acher, Light & du Vigneaud (1958) for the separation of mammalian 
neurohypophysial peptides. Sodium chloride was added to acetic acid extracts (pH 4-0) of 
pollock pituitary powder to a final concentration of 25 g/100 ml. The active protein complex 
precipitated was suspended in a minimal volume of water (about 10 ml.) and transferred to 
a dialysis bag. The salts, amino acids and free peptides were removed from the precipitate by 
dialysis against several 200 ml. portions of water for a total period of 3 hr. The precipitate 
was washed from the bag with, and dissolved in, acetic acid 0-25 % (v/v), and the active 
peptides were dissociated from the protein complex by the addition of trichloroacetic acid 
(TCA) to a final concentration of 10 g/100 ml. The precipitate obtained by this treatment was 
extracted with 0-25 % (v/v) acetic acid and re-precipitated with TCA. This procedure was 
repeated twice. The combined supernatants were added to Amberlite IR-45 regin (Standard 
grade) in the acetate form (3 g resin/5 ml. supernatant), and stirred until the pH rose to 
about 3-9; the resin was then removed by filtration. The filtrate was a solution of the active 
peptides free of TCA. 

Ion-exchange chromatography. The partially purified solution of active peptides from 
pollock pituitaries was added to a 10x1cem column of Amberlite CG-50 (type I) in the 
hydrogen form. 0-1mM ammonium acetate (pH 5-0) was run through the column until the 
eluate had a pH of 5-0. The peptides were eluted from the column by a gradient of concen- 
tration and pH produced by the gradual introduction of 0-5m ammonium acetate (pH 7-7) 
to a 50 ml. mixing chamber (Bock & Ling, 1954) containing the 0-1 buffer; 2 ml. fractions 
of the eluate were collected with a Shandon automatic fraction collector. 

Spectrophotometry. The optical densities of the eluates from the ion-exchange column 


_ were measured at 240 my in a Unicam 8.P. 500 spectrophotometer using 5 mm cells. 


Peptide hydrolysis. Approximately 1 mg of freeze-dried highly purified peptide (see p. 104) 
was placed in a thick-walled tube and 2 ml. of 6N-HCl added. The air in the tube was 
displaced with nitrogen, the tube sealed and incubated for 48 hr at 110° C. The acid was 
removed from the hydrolysate by successive dilution and evaporation to dryness in vacuo. 

Inactivation with sodium thioglycollate. Vogt’s (1953) modification of the procedure of 
Ames & van Dyke (1951) was used. ; 
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RESULTS 
Pharmacological activity of crude (acetic acid) extracts of non-mammalian 
neurohypophysial tissues 
Quantitative estimations of the potency of extracts of non-mammalian 
neurohypophyses have not been carried out since Mackenzie (1911), 
Herring (1913), Hogben & de Beer (1925) and Heller (1941a,6, 1942) 
established that glandular extracts from all vertebrate classes produce the 
same qualitative effects as the mammalian posterior pituitary hormones. 
Oxytocic, pressor, antidiuretic and frog water-balance activities were 


therefore assayed in simple extracts of pituitary — from teleost fishes, 


amphibians, reptiles and birds. 
TaBLE 2. Mammalian oxytocic and pressor potency of extracts of fresh pituitary glands 
from non-mammalian vertebrates 
Mean activity (m-u./gland) 


‘Oxytocic (O) Pressor (P) 
No. of No. of (isolated rat (rat blood 


Species expts. glands uterus) pressure) P/O 
Trout 2 36 81 75 0:93 
Frog 6 383 32 13 0-25 
Toad 1 24 45 42 0-94 
Tortoise 1 6 58 37 0-64 
Grass snake ae 22 365* 315* 0-86 
Fowl 2 9 268 245 0-92 
Pigeon 1 24 32 28 0-88 


* Per 100 g body weight. 


Extracts of pollock pituitary powder. Acetic acid extracts of this material 


were found to have the following mean potencies (m-u./mg dry powder) in | 


five experiments: oxytocic activity, 604+ 134; pressor activity 605 + 74; 
antidiuretic activity, 577+ 158; water-balance activity (one experiment 
only), 30,700. Referred to the oxytocic potency, the ratio of these activities 
was therefore 1-0: 1-0: 0-96: about 50. The ratio antidiuretic activity : water- 
balance activity agrees well with that of 48 previously (Heller, 19415) 


obtained in another teleost, the cod. All these activities were abolished by 


sodium thioglycollate. 

Extracts of fresh glands from other vertebrates. Pollock pituitaries were the 
only ones available in quantity as a lyophilized powder, and extracts of 
freshly dissected glands from other vertebrates were therefore used. 
Table 2 shows the results of these assays. 


Paper chromatography of non-mammalian pituitary extracts 
Extracts of pollock pituitary powder. When pollock extracts were 
chromatographed on paper in the system butanol-acetic acid—wate:, 
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oxytocic activity could be eluted from two regions. The faster-moving 
substance was found (7 experiments) between Ry 0-5 and 0-6, i.e. in the 
same range as oxytocin. The slower-moving oxytocic substance was found 
at Hy 0-25-0-35 in all experiments, but some oxytocic activity was usually 
also found at an even lower R,,. The pressor and antidiuretic actions of the 
extracts were mainly associated with the slower-moving oxytocic substance. 

In an attempt to discover whether the oxytocic and pressor effects from 
the lower region of unidimensional chromatograms were due to a single 
substance, acetic acid extracts of pollock pituitary powder were also sub- 
jected to two-dimensional paper chromatography. The paper was first 


| (a) Synthetic | (b) Pollock (c) Frog (d) Grass snake (e) Fowl 
18+ oxytocin 
aah 
SM 
bo 12 (28) 
v 
3 8 (900) 
& 
6+ (600) SM 
\ (300) (12:3) 
1 
= 4 (100) FM 
(12:3 
234567 234567 234567 


Fig. 1. Comparison of the water-balance potency of the fast-moving (/'M) and slow- 
moving (SM) oxytocic substances (see text) from non-mammalian pituitary extracts 
with that of synthetic oxytocin. The results shown are the mean responses of five or 
six frogs. The figures in parentheses give the doses (m.-u./frog) in terms of (isolated) 
rat uterus activity. Injections at arrows. Note the disproportion between the 
oxytocic and the water-balance effect of SM. 


developed with butanol—acetic acid-water (descending) and then with 
cellosolve-ammonium sulphate—water (ascending) at right angles to the 
first development. Oxytocic activity could still be eluted from two regions 
only. Pressor activity was again associated with the oxytocic substance 
which moved more slowly in both solvent systems. This suggested that the 


- pollock pituitary extracts did not contain any arginine- or lysine-vaso- 


pressin, but indicated the presence of an unknown neurohypophysial 
peptide with a more pronounced oxytocic potency than the vasopressins. 
Figure 16 shows that the water-balance activity of the pollock gland 
extracts was mainly due to this unknown peptide. 

Extracts of fresh glands from other vertebrates. Table 3 shows chromato- 
craphic results obtained with extracts of the pituitaries of: a fresh-water 
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teleost fish (trout), two suborders of anurans (frogs and toads), two orders 
of reptiles (tortoise and grass snake) and two species of birds (fowl and 
pigeon). In al these extracts two oxytocic substances were again found 
which could oe eluted from the same regions as in the chromatograms of 
the pollock pituitary preparations. The pressor and most of the water- 
balance (Fig. 1) activities were again eluted from the same region as the 
‘slow-moving’ oxytocic substance. 


Purification of pollock pituitary extracts : 
After preliminary purification (see Methods), the two ‘oxytocic’ sub- 
stances in the pollock pituitary extracts were separated by ion-exchange 
chromatography. Figure 2 shows the elution curves. Eluates from the first 


TaBLE 3. Chromatographic characteristics in the system butanol-acetic acid—water (4:1:5 
descending) of the active principles in extracts of non-mammalian neurohypophysial 
tissue 


Rr of oxytocic substances Rp of 
Class No. of r A —— pressor 
and species expts.  ‘Fast-moving’ ‘Slow-moving’ substance 
Teleost fishes 
(a) Trout 1 0-53-0-69 0-26—0-38 0-26—0-38 
(b) Pollock 0-50-0-60 0-25-0-35 0:25-0:35 
Amphibians 
(a) Frog 3 0-50-0-55 0:25-0:35 0-25—0-35 
(b) Toad 1 0-55-0-65 0-30-0-35 0-30-0°35 
Reptiles 
(a) Tortoise 2 0-50-0-65 0-25-0-35 0:25-0:35 
(6) Grass snake 2 0-50-0-60 0-25~-0-35 
irds 
(a) Fowl 2 0-50-0-60 0-25-0-35 0-25-0-35 
0-55-0-60 0-30-0-35 0:30—-0-35 


(b) Pigeon 


active peak (maximum at tube 30), which was in the position of mammalian 
oxytocin (Acher e¢ al. 1958), showed only oxytocic activity. Eluates from 
the second peak (maximum at tube 80) gave both oxytocie and pressor 
effects. With the proviso that the contents of every tenth tube only were 
assayed, the ultra-violet absorption curve resembles the curve of pharma- 
cological activities, in that a single peak was obtained in the same region 
(tube 80) as for the ‘oxytocic-pressor’ peptide. There were, however, two 
peaks in the region of oxytocin, suggesting greater impurity. 

The eluates from the region of the second active peak (tubes 75-95) were 
freeze-dried, dissolved in 2 ml. 0-25 %, (v/v) acetic acid and further purified 
by paper chromatography in butanol—acetic acid—water. The active peptide 
was eluted with 0-25 % (v/v) acetic acid and lyophilized. This preparation 
will henceforth be referred to as the ‘highly purified pollock peptide’. 
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In one experiment the elution gradient was increased by the introduc- 
tion of 0-75M ammonium acetate (pH 7-7) to the mixing chamber, after the 
second active peak had emerged from the column. This procedure (Acher 
et al. 1958) would elute phe*-arg*-oxytocin (arginine vasopressin), but no 
further activity could be eluted... 
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10 20 30 0 50 6 70 8 9 100 110 120 
Tube number (2 ml. fractions) 
(01 ammonium acetate, pH 05 M ammonium acetate, pH 7:7)——> 


Fig. 2. Chromatography of pollock pituitary extracts on Amberlite CG-50. Elution 
curves: @—®@ optical density at 240 my; ©---© oxytocic activity ; O-—-O pressor 
. activity. For further details see text. 


Identification of the slow-moving peptide in pollock pituitary extracts 

The results so far reported suggested that the non-mammalian pituitary 
extracts contained a peptide which resembles oxytocin and at least one 
other peptide which, because of its pronounced oxytocic and frog water- 
balance activities, differed from phe*-lys’-oxytocin and phe*-arg*-oxytocin, 
i.e. from lysine- and arginine vasopressin. 

While this work was in progress, Munsick, Sawyer & van Dyke (1959) 
reported that the pharmacological effects produced by extracts of fowl 
neurohypophyses were compatible with the assumption that such extracts 
contained oxytocin and arg’-oxytocin (arginine vasotocin), an octapeptide 
synthesized by Katsoyannis & du Vigneaud (1958). The slow-moving pollock 
peptide was therefore compared with synthetic arg®-oxytocin, which was 
kindly provided by Professors van Dyke and du Vigneaud. The two peptides 
were chromatographed, side by side, in three solvent systems and Fig. 4 
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by Heller & Lederis (1958). 


Crude extract 


Purified peptide 

Fig. 3. Descending paper chromatograms, in butanol—acetic acid—water, of crude 
pollock extract and the highly purified pollock peptide (see text) dissolved in 
0°25 % (v/v) acetic acid. Pressor activity of volumes of solutions applied: crude 
extract, 100 m-u. ; solution of highly purified peptide, 700 m-u. — 


| Butanol-acetic acid-water| (NH4)2 SO4-cellosolve- | Ethyl acetate-acetic acid- 
(4:1:5 by vol.), water formic acid-water 
+ descending (20:24:56 by weight), (18:3:1:4 by vol.), 
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Fig. 4. Synthetic arginine*-oxytocin (AQ) and the highly purified pollock peptide (PP) 
were chromatographed, side by side, in three solvent systems. The figure shows 
drawings of the results. 
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shows that the R, values for the two substances were the same in each 
solvent. | 

A sample of the highly purified pollock peptide was hydrolysed, and the 
hydrolysate was subjected to two-dimensional chromatography in 
(a) butanol-acetic acid—water (descending) and (b) “-picoline—water 
(ascending) at right angles. A mixture of the constituent amino acids of 
arg®-oxytocin was chromatographed in the same manner. Both chromato-’ 
grams were first stained with ninhydrin and then by the method of Reindel 
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Butanol- acetic acid- water (4:1:5)———»> 
Fig. 5. Drawing of a two-dimensional paper chromatogram of a hydrolysate of a 
sample of the highly purified pollock peptide. The amino acids of arginine*-oxytocin 
are as follows: (Cys-),, Arg, Gly, Asp, Glu, Pro, Tyr, Ileu. All these amino acids were 
found in the hydrolysate, which showed in addition a faint spot corresponding to 
alanine and another, not stained by ninhydrin, probably due to a peptide fragment. 


& Hoppe (1954). The hydrolysate contained all the amino acids of arg*- 
oxytocin, but two additional ‘spots’ were found, a faint one in the position 
of alanine and another, not revealed by ninhydrin, which was probably 
due to a peptide fragment (Fig. 5). Three such experiments were done. 


Pharmacological potency of the highly purified pollock peptide 

Table 4 shows the potency of our purest preparation of the slow-moving 
peptide assayed against arginine vasopressin and oxytocin. The highly 
purified pollock peptide was also compared with synthetic arg*-oxytocin 
- (arginine vasotocin) and the results are shown in Table 5. The pollock 
_ peptide could not be differentiated from arg*-oxytocin by any of the assay 
methods used : the index of discrimination was near unity in every instance. 
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The similarity of the potencies per microgram of the pollock peptide and 
synthetic arg®-oxytocin suggests that the former was almost pure. Com- 
parison of the frog water-balance potencies of the two peptide preparations 
was attempted in sii one experiment, but Fig. 6 shows that the potencies 
were similar. 


TasLe 4. Pharmacological potency of the ‘highly purified pollock peptide’ (see text). 
Each value is the result of a (2+ 2) assay 


Potency (m-u./ug) of pollock peptide compared with 


Assay method Arginine vasopressin Oxytocin 
Blood pressure (rat) 77; 67; 70 — 
Antidiuresis (rat) 70; 72 —— 

Rat uterus a 47; 33; 33 

Milk ejection (rabbit) a+ 112; 124; 120 
Water-balance (frog) 3500; 2300; 2000 
Hen uterus 1920; 2160 — 


TaBLe 5. Pharmacological comparison of the slow-moving peptide isolated from pollock 
pituitary extracts with synthetic arg*-oxytocin. Each value is the result of a (2+ 2) assay 


Pollock Index of 
peptide Arg®-oxytocin discrimination 
Assay method (m-u./pg) (m-u./ ug) of means 
Blood pressure (rat) 77; 67; 70 82; 67; 74 0-96 
Antidiuresis (rat) 70; 72 76; 84 : 0-89 
Rat uterus 47; 33; 33 48; 33 1-0 


Hen uterus 1920; 2160 — 2000 | 1-03 


Experiments with elasmobranch pituitary extracts 

Perks, Dodd & Dodd (1960) found that neurohypophysial extracts from 
several species of elasmobranch fishes exerted greater milk-ejection effects 
than would be expected from their oxytocic activities. They suggested, 
therefore, that elasmobranchs elaborate an oxytocic principle which 
differs from oxytocin. They also confirmed the earlier finding (Heller, 
1941a) that the antidiuretic activity of these extracts is very low. 

When elasmobranch pituitary extracts were chromatographed on paper 
in butanol-acetic acid—water (descending), oxytocie activity could be 
eluted from two regions. One of these was at the Ry, of oxytocin (0-5--0-6) 
and the other at R, 0-35-0-45. Four such experiments were done, two 
with Squalus acanthias and two with Scyliorhinus caniculus pituitary 
extracts. 

The water-balance activity of dogfish pituitary extract was assayed in 
two experiments and found to be approximately 40 m-u./gland. The ratio 
water-balance activity :rat-uterus activity was about 4. These extracts 
therefore seemed to contain a principle which has more water-balance 
activity than oxytocin, but is much less potent than arg*-oxytocin. 
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Fig. 6. Comparison of the water-balance potency of the highly purified pollock 
peptide (©) with that of synthetic arginine®-oxytocin ( x ). Lack of the latter material 
prevented further experiments. Each point shows the mean and s.£. for 5 frogs. The 
vertical line indicating s.z. of the results with arg*-oxytocin is displaced to the 
right for technical reasons. 


DISCUSSION. 


The results presented suggest that a peptide resembling oxytocin is widely 
distributed throughout the vertebrate phylum. Chromatographic and 
pharmacological evidence for its presence was found in two species of 
elasmobranch fishes, a species of fresh-water and one of marine teleosts, 
frogs and toads, snakes and tortoises, fowls and pigeons, and in mammals. 
It has been shown to be oxytocin in the fowl (Acher, Chauvet & Lenci, 


1960) but its identity in other vertebrate classes has yet to be established. 


Neurohypophysial extracts from teleosts, amphibians, reptiles and birds 
were also shown to contain another active peptide which in a teleost fish, 
the pollock, has been identified as arginine*-oxytocin (arginine vasotocin). 
The independent pharmacological observations of Sawyer, Munsick & 
van Dyke (1959) are in full agreement with these results. 
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No evidence could be obtained for the presence of arg*-oxytocin in 
extracts of elasmobrarich pituitaries. These extracts contained two oxytocic 
principles, one with the chromatographic characteristics of oxytocin and 
the other differing, both chromatographically and pharmacologically, from 
all identified neurohypophysial peptides. 

Arg*-oxytocin accounted for the bulk of the pressor-antidiuretic and 
frog water-balance activity of pollock pituitary extracts. The pressor- 
antidiuretic and frog water-balance potency of the other non-mammalian 


TABLE 6. Phyletic distribution of neurohypophysial hormones 


Oxytocin Phe*-arg*- Phe*-lys*- 
No. of (and oxytocin oxytocin Arg'- 
species peptides (arginine (lysine oxytocin 
investi- resembling vaso- vaso- (arginine Unknown 
- Vertebrate class gated oxytocin) pressin) pressin) vasotocin) peptide 


(a) Domestic pig and 
hippopotamus* 

(6) All others 13 
investigated 


Reptiles 
Amphibians 

Teleost fishes 
Elasmobranch fishes 
Cyclostomest 


Note: — = absent or not investigated; * see Heller & Lederis (1960); + see Sawyer ef al. 
(1959). 
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TABLE 7. Comparison of the potency of neurohypophysial hormones (m-u./yg), — 
assayed against the third International Standard Powder 


Arg®- Phe*-arg®- Phe?-lys®- 

oxytocin oxytocin oxytocin 

(arginine (arginine (lysine 

vasotocin), vasopressin). asopressin). Oxytocin. 

Assay method Mol.wt. = 1036 Mol.wt. = 1056 Mol. wt. = 1028 Mol.wt. = 993 

Rat uterus 40 20-25} 15-201 360?, 415° 
Blood pressure (rat) 400-4501 270-340! < 101, 3-8° 
Antidiuresis (rat) 71 400-450! 110—140* Diuretic’ 
Milk ejection (rabbit) 119 70-80! 50-60! 371° 
Hen uterus 1630 320! 29% 291 
Water-balance (frog) 2600 (360) 
Urinary bladder (frog) 7800? 21 < 5? 360? 


+ van Dyke (1959); * Sawyer (1960); * Berde, Cerletti & Konzett (1960); 4 Thorn (1959); 
* Berde & Cerletti (1956); Brunner, Kuschinsky & Peters (1956); Peters (1959). 


pituitary extracts, with the exception of elasmobranchs, was also mainly 
due to a peptide with the chromatographic and pharmacological charac- 
teristics of arg*-oxytocin. 

Table 7 compares the potencies per microgram of arg*-oxytocin with 
those of the mammalian hormones, Since the molecular weights of al! 
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these peptides are much the same (Table 7), the ratio of the activities 
per microgram virtually equals the ratio per molecule. While many of the 
results shown are only approximate, the table indicates clearly that, per 
molecule, arg®-oxytocin has much greater effects on the hen uterus and 
frog water-balance than the mammalian hormones. In other words, the 
non-mammatlian tissues show a marked specificity for the endogenous 
peptide. 

It is known that the water balance of frogs is more strongly affected by 
oxytocin than by vasopressin (Heller, 1930) whereas the reverse applies in 
the toad (Jorgensen, 1950; Ewer, 1951). This led to the suggestion that the 
-neurohypophyses of these anuran suborders contained different hormones. 
The results now presented, however, support the assumption that both 
suborders elaborate the same peptide, namely arg*-oxytocin, which may 
therefore be regarded as the amphibian water-balance principle postulated 
by Heller (19416). Arg*-oxytocin is intermediate structurally between 
oxytocin and arginine vasopressin (phe*-arg*-oxytocin), differing from each 
of these hormones by a single amino acid. It is therefore not surprising 
that amphibians respond to the mammalian hormones, but it may be | 
conjectured that the ‘fit’ of the peptide molecules to the receptors varies in 
different anurans. | 

There is good evidence that the water-balance principle is of physiological 
importance. The pituitary gland of frogs is depleted of the water-balance 
principle when the animals are dehydrated (Levinsky & Sawyer, 1953; 
Jancs6, 1955) and it may also be assumed that the release of arg*-oxytocin - 
aids in maintaining tissue hydration in amphibians by inhibiting water 
loss through the skin (Boyd & Whyte, 1938), by decreasing urine flow 
and by increasing the absorption of depot-water from the urinary bladder 
(Ewer, 1952; Sawyer, 1960). Moreover, arg*-oxytocin is probably also the 
main antidiuretic hormone of reptiles and birds. The significance of the 
_ effects of this peptide on other non-mammalian organs, e.g. on the reptilian 
and avian oviduct, has yet to be determined. 

Our results suggest that, with regard to their neurohypophysial hor- 
mones, vertebrates fall into two groups: first, a large group comprising . 
cyclostomes, fresh-water and marine teleosts, amphibians, reptiles and birds 
(Table 6) which elaborate arg*-oxytocin and a second group, namely 
elasmobranchs and mammals, which secrete peptides which do not include 
arg® oxytocin. Elasmobranchs are unique in that they actively reabsorb 
urea from their renal tubules, being thus able to utilize a physiological — 
uraemia for osmoregulation. (It will be interesting to see whether this 
renal tubular function is influenced by the unidentified hormones in their 
pituitary.) Mammals are characterized by a renal concentrating mechan- 
ism which, with the aid of vasopressin, enables them to produce a 
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hypertonic urine. It is therefore not unlikely that the neurohypophysial 
hormones produced by each vertebrate class are related to its specitic 
pattern of osmoregulation. 

It will be realized that such general conclusions can be only tentative at 
present. First, because, so far, only a few species within each vertebrate 
class have been investigated and, secondly, because further work may 
reveal the occurrence in vertebrate neurohypophyses of hormones 
additional to those already described. 3 


SUMMARY 


1. Paper chromatography of neurohypophysial extracts from teleost 
fishes, amphibians, reptiles and birds showed the presence of at least two 
oxytocic substances. These were designated ‘slow-moving’ and ‘fast- 
moving’ according to their behaviour on paper chromatograms developed 
in butanol—acetic acid—water. 

2. The ‘fast-moving’ substance resembled mammalian oxytocin in 
some of its biological and chromatographic characteristics. 

3. Pressor and antidiuretic activity was mainly associated with 
the ‘slow-moving’ oxytocic substance even after two-dimensional 
chromatography. 

4. The marked frog water-balance effects exerted by non-mammalian 
pituitary extracts were shown to be due mainly to the ‘slow-moving’ . 
oxytocic substance. 

5. The ‘slow-moving’ oxytocic substance was isolated by ion-exchange 
chromatography from pituitary extracts of a teleost fish, the pollock. The 
purified compound was identified as arginine®-oxytocin (vasotocin) by 
amino-acid analysis and by chromatographic and pharmacological com- 
parison with the synthetic peptide. 

6. Paper chromatography of elasmobranch pituitary extracts suggested 
that these glands contain a peptide which resembles oxytocin and another — 
oxytocic principle which differs from all other identified neurohypophysial — 
peptides. The water-balance potency of the unidentified peptides was 
much lower than that of arg*-oxytocin. 


Our sincere thanks are due to Dr Grace Pickford and Professor A. E. Wilhelmi who 
provided large quantities of lyophilized pollock pituitaries. We should also like to express our 
gratitude to Mr M. Gallop for technical assistance and to the Sir Halley Stewart Foundation 
for the gift of a hotomet | 
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Our approach to the problems of transmission of excitation from auto- 
nomic nerve to smooth muscle has been to apply modern electrophysio- 
logical techniques to a suitable autonomic nerve-smooth muscle prepara- 
tion in a manner similar to that described for the skeletal neuromuscular 
junction (del Castillo & Katz, 1956). In the present experiments the 
smooth muscle studied was that of the guinea-pig vas deferens. Membrane 
potentials were recorded intracellularly during repetitive stimulation of 


the hypogastrié nerve. 


Rosenblueth (1950) has summarized much of the earlier work in this 
field, including the results of studies of the electrical activity associated 
with transmission. He has also dealt with the pharmacology of autonomic 
junctions and the nature of the chemical transmitters at sympathetic and 


_ parasympathetic junctions. The morphology of autonomic nerve endings, 


as seen from silver and methylene-blue staining, is contradictory and 
confusing. However, recent studies with the electron microscope, notably 
those of Caesar, Edwards & Ruska (1957) and Richardson (1958) are at 
last beginning to clarify the detailed structure of smooth muscle and its 


innervation. 


The properties of the smooth-muscle membrane have been investigated 
with intracellular electrodes by a number of workers, including Woodbury 
& McIntyre (1956); Holman (1958); Biilbring, Burnstock & Holman 
(1958); Daniel & Singh (1958); Jung (1958) and Marshall (1959). The 
actions of acetylcholine and adrenaline at the membrane level have been 
described by Biilbring (1957) and Burnstock (1958a, b, 1960).. A prelimi- 
nary account has been given of some of the work described in this paper 
(Burnstock & Holman, 1960). | ee 


METHODS 


The isolated guinea-pig vas deferens, supplied by the hypogastric nerve, was used in all 
the experiments. About: 14 cm of the muscle was pinned to a wax square at epproximately 
resting length. The whole was placed in a 3 ml. bath through which — 8 
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solution (Holman, 1958) flowed continuously at a rate of about 3 ml./min, at a temperature 
of 35° C, 

The resistance of the capillary micro-electrodes (filled with 3m-KCl) varied from 20 to 
50 MQ. The input stage, amplifiers and camera were converitional. 

The electrode used for stimulating the hypogastric nerve consisted of two chlorided silver 
rings embedded i mm apart in insulating ‘Araldite’. The portion of the nerve within the 
electrode was perfused with modified Krebs’s solution through fine plastic tubing incorpor- 
ated between the stimulating rings. The stimulator was of conventional design and was 
coupled to the nerve by an RF isolation unit. 

In some of the experiments, where the chronaxie for direct stimulation was determined, 
the muscle was mounted in paraffin oil and stimulated with external wick electrodes, as 
described by Biilbring et al. (1958). The same rn was used to measure the con- 
duction velocity of the hypogastric nerve. 


RESULTS 
Response to direct stumulation 


Smooth-muscle cells from the outer longitudinal layer of the guinea-pig 
vas deferens were penetrated with capillary micro-electrodes. This muscle 
was never spontaneously active and it was often possible to keep the 
micro-electrode in a cell for up to 20 min. The cells had resting potentials 
(inside negative) which varied from 50 to 80 mV (mean, 57 mV; s.z. 6 mV, 
50 observations). The resting potential of many cells was not completely 
steady but fluctuated slowly by +10 mV over periods of several minutes. 
However, ‘slow waves’ of the type recorded in intestinal muscle (Bilbring 
et al. 1958) were never seen in the vas deferens. | 

The electrical excitability of the muscle was investigated with external | 
stimulating electrodes. These were applied to the surface of the intact vas 
deferens or to isolated strips of smooth muscle from the outer longitudinal 
coat. In both cases the response to a single stimulus, ranging from 2 to 
200 msec in duration, usually consisted of a local contraction which could 
be seen to extend for a few millimetres from the cathode. These local 
responses occurred whether the preparation was mounted in saline or 
paraffin oil. The chronaxie under the latter conditions was found to be 
10 msec. 

Very occasionally the vas deferens responded to a single stimulus with 
a contraction which extended over several centimetres and was avcom- 
panied by an action potential. Figure 1 shows a record from such an 
experiment. The spike was always preceded by a phase of slow depolariza- 
tion and was similar in every way to that elicited by stimulating the nerve 
(see below). It is not possible to say whether these responses arose from 
direct stimulation of the smooth muscle cells or as a result of stimulation 
of intramuscular nerve branches. Experiments involving intracellular 
stimulation of individual cells are in progress and should help to clarify 
_ this problem. The only change in membrane potential we have been able 
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to record during the more common local response was a slow depolarization, 
similar in time course to that preceding the spike in Fig. 1. In the experi- 
ments where the hypogastric nerve was stimulated, contraction was 
always associated with the initiation of an action potential (see below). 
This may also have been the case for the local contraction. It is possible that 
action potentials may have been generated in cells closer to the cathode 
than the region studied with the intracellular electrode. 


Fig. 1. Intracellular record of the membrane potential of a single smooth-muscle 
cell of the vas deferens showing the response to stimulation of the muscle with 
extracellular electrodes (single stimulus, 5 msec duration). Horizontal calibration, 
50 msec ; vertical calibration, 50 mV. The horizontal trace marks the potential of the 
electrode outside the cell, i.e. 0 mV. 


Response to nerve stimulation 


Figure 2 illustrates the changes in membrane potential recorded during 
repeated submaximal stimulation of the hypogastric nerve. In this and 
subsequent experiments the duration of each stimulus was from 0-5 to 
2 msec. The first stimulus gave rise to a slow depolarization of about 
5mV, which had decayed almost to the resting level by the time the 
second stimulus was given 380 msec later. The response to the second — 
stimulus was greater in amplitude and in rate of rise. Succeeding responses 
all showed this facilitation. The individual depolarizations summed with 
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each other until the membrane potential fell to about 35 mV. At this stage 
an action potential was initiated and the vas deferens contracted vigorously. 

We will call the depolarization of the muscle, in response to each stimulus 
applied to the nerve, a ‘Junction Potential’. The term ‘End Plate Potential 
(del Castillo & Katz, 1956) did not seem appropriate, as the morphology 
of this junction appears to be very different from the skeletal neuro- 
muscular junction (see Discussion). The term ‘Post-synaptic Potential’ 
(Eccles, 1957) was considered, but we felt that this should be reserved for 
junctions between two neurones. 


Fig. 2. Intracellular record of the membrane potential of a smooth-muscle cell 
during repetitive stimulation of the hypogastric nerve (stimulus duration 1 msec). 
Vertical calibration 50 mV; the horizontal trace = 0 mV; time marker, 100 msec. 


The action potentials which are shown in Figs. 1, 2, 4, 7 and 8 were very 
similar in configuration to those recorded from the guinea-pig taenia coli 
(Holman, 1958) and the rat uterus (Marshall, 1959); i.e. the rates of rise 
and decay were similar, and the spike had a symmetrical appearance. 
The duration at half the total amplitude was about 5 msec. The action 
potential had a marked after-hyperpolarization which brought the mem- 
brane potential back to, or below its resting level. Amplitudes ranged 
from 57 to 90 mV (mean 68 mV; s.B. 8 mV, 55 observations). The over- 
shoots were up to 20 mV. 


The threshold value of membrane potential at which an action potential 
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was initiated was between 35 and 40 mV. Attempts to arrive at an accurate 
assessment of this value were complicated by ‘tip’ potentials which gave 
rise to an uncertainty as to the absolute value of the resting potential. 
Moreover, it was not always possible to identify the membrane potential 
at which the action potential fired, since its ‘take-off’ was never abrupt, 


i.e. the foot of the action potential was rounded. However, it was quite 


obvious that the threshold for firing was far more constant for this 
preparation than for the spontaneously active guinea-pig taenia coli. 


Fig. 3. Membrane potential during repetitive stimulation of the hypogastric nerve; 
an example of an abortive spike. Vertical calibration, 50mV; the top of the 
vertical calibration = 0 mV; time marker, 100 msec. 


Occasionally cells were encountered where the threshold for firing appeared 
to be much lower than —40 mV (in one experiment the action potential 
fired at —50 mV). It is tempting to suggest that such action potentials 
were propagated by current spread from cell to cell and were not initiated 
by the action of the transmitter on that cell. However, we cannot be 
certain of this point until more is known regarding the electrical excit- 
ability of the smooth-muscle membrane. 
Unlike the spontaneously active smooth muscles that have been studied 
previously, relatively few ‘complex’ or abortive spikes were recorded from 


the vas deferens. Figure 3 illustrates one of the few examples encountered. — 


It seems unlikely that this cell could have been injured, since the magnitude 


of the resting potential and the junction potentials were similar to those 


of the surrounding cells which gave action potentials of over 80 mV. 
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The characteristics of junction potentials 

Amplitude. Junction potentials in response to nerve stimulation were © | 
recorded in every cell which we impaled. For any one preparation the 
junction potentials recorded in different cells showed only small differences 
in amplitude, provided the parameters of stimulation were kept constant. 


Fig. 4. Three cells from the same preparation showing the effect of decreasing the 


number of nerve fibres stimulated (for explanation see text). Calibrations, 100 msec 
and 50 mV, as in Fig. 2. 


Thus, if five junction potentials were needed to produce threshold depo- 
larization in one cell, five junction potentials would also be seen to precede 
the action potential in a cell situated several millimetres away. This finding 


suggests that the nerve endings must be distributed widely among the 
smooth-muscle cells. 
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Individual junction potentials ranged in amplitude from 1 mV up to 
20mV. For rates of stimulation of less than 10/sec, the amplitude of 
each junction potential depended on | 
(a) the number of preceding transmitter potentials, that is, the degree of 
facilitation (see below); and 
(b) the number of nerve fibres stimulated. ce 

The number of nerve fibres stimulated was varied either by altering 
the strength of stimulation or by allowing some of the fibres in the hypo- 
gastric nerve to deteriorate by drying. The records shown in Fig. 4 were 
taken during an experiment where the stimulus strength was constant, 
but in the time interval between photographing the different traces the 
nerve was allowed to deteriorate. Thus, Fig. 4a was taken at the beginning 
of the experiment. The first junction potential was large, having an 
amplitude of 12mV. Although 615 msec had elapsed before the next 
stimulus, there was still some residual depolarization which summed with 
the second junction potential. At this stage the threshold was reached; 
thus an action potential was produced by two stimuli. In Fig. 4b, taken 
1 hr later, the amplitude of the individual junction potentials was greatly 
reduced. Three stimuli at a higher frequency were required to produce a 
spike. In Fig. 4c, taken 15 min after Fig. 4b, seven stimuli were needed. 
In other experiments similar results were obtained when the strength of © 
the stimulation was reduced. For example, in one preparation three 
junction potentials were needed to produce a spike when the strength of 
stimulation was 20 V. Decreasing the strength to 5 V decreased the 
amplitude of the potentials so that now seven were required to produce 
threshold depolarization. i 

Latency. Although the amplitude of the junction potentials did no 
vary greatly over the area of the vas deferens studied in these experiments, 
éthere was a marked variation in latency and rate of rise. This finding is 
illustrated in Fig. 5, which shows the membrane potential changes in 
two cells with similar resting potentials situated 0-6 mm apart. The junc- 
tion potentials in the upper record had latencies of more than 50 msec, 
relatively slow rates of rise and a very gradual ‘take-off’. The foot of the 
junction potentials in the lower record was more clearly defined, their 
latencies were shorter, and rates of rise faster. 

Differences in latency of up to 20 msec were common. In one prepara- 
tion, which was stimulated submaximally, latencies of 69, 34, 54 and 
31 msee were recorded in four cells less than 2 mm apart, although the 
position of the stimulating electrodes on the nerve was unaltered. The 3 
shortest latency recorded was 20 msec. In this experiment the length of 
nerve between the stimulating electrodes and the intracellular electrode 
in the muscle was approximately 1 cm. If it is assumed that the nerve 
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impulse is conducted directly to the muscle fibres with a constant velocity 
equal to that of the nerve trunk, which was found to be 0-9 m/sec (35° C), 
a delay of less than 10 msec must have been associated with the trans- 
mission process. 

Rates of depolarization and repolarization. The depolarization or rising 
phase of the junction potentials showed a relatively abrupt ‘take-off’ in 
many cells if stimulus strength was maximal. In other cases the ‘take-off’ 
was more gradual and the rising phase was S-shaped. As can be seen in 
Figs. 2, 3, 4, 5 and 9 the rate of rise varied over a wide range. The time 
taken to reach half-maximum amplitude was of the order of 50 msec for 
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Fig. 5. Tracing of the junction potentials recorded in two cells, having similar | 
: resting potentials, situated 0-6 mm apart. 


the flattest junction potentials. The larger, faster responses reached half- 
maximum in 15-20 msec. The time for decay (repolarization) was always 
longer than the rise time. The rate of decay decreased in time. The time 
for decay to half-maximum amplitude was of the order of 150 msec. 


Facilitation 
An increase in the rate of rise and amplitude of the junction potentials 
in response to successive stimuli was seen in every cell impaled. In Fig. 6 


the amplitude of successive junction potentials has been plotted as a function 
of the time at which each of a train of stimuli was applied to the nerve. 


In curve A the stimulus strength was maximal, and only three stimuli 


were needed to fire off a spike. The amplitudes of the junction potentials 
in response to these stimuli increased most dramatically, the amplitude 
of the third junction potential being more than twice that of the first. 
Curve B shows similar facilitation but under conditions of sub-maximal 
stimulation, both the stimulus strength and frequency being reduced. 
Curve C shows facilitation occurring although the interval between stimuli 
was 800 msec. In this case stimulation was sub-threshold for the muscle 
and it can be seen that the amplitude of the junction potentials reached 
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a maximum after 8 stimuli. In all our experiments the degree of facilita- 
tion was most pronounced for the first 6-8 junction potentials. Facilitation 
still occurred even when the interval between stimuli was as long as 1 sec. 
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Fig. 6. Amplitudes of successive junction potentials in three different cells, 
plotted against the time at which successive stimuli were given (for a . 
see text). 


The effect of different frequencies of stimulation 


High frequencies (greater than 15/sec). The individual junction  sacailale 
in response to stimuli at frequencies greater than 15/sec (at intervals of 
less than 67 msec) were no longer distinguishable. The over-all rate of 
depolarization increased with increasing frequencies up to a maximum 
at about 50/sec. The maximum rate of depolarization recorded in the 
present experiments was 0-6 V/sec. 

Figure 7 shows an example of the membrane potential response. to 
high-frequency stimulation. Following the initiation of a spike after 8 
stimuli, the membrane potential returned to its initial level. In this 
experiment the stimulation was maintained and depolarization began 
again at arate similar to that preceding the spike. Thus, for a given stimulus 
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strength, the rate of depolarization, and hence the frequency at which a 
series of spikes were initiated, increased with stimulus frequency until a 
maximum was reached. Since tension depends on firing frequency 
(Bilbring, 1955; Holman, 1958), frequencies greater than 50/sec would 
not be expected to lead to any increase in the tension developed by the 
muscle. 


Fig. 7. The membrane potential response to high-frequency stimulation. The trace 


is interrupted at intervals of 17 msec by th €stimulus artifact. Calibrations (50 mV 
and 100 msec) as in Fig. 2. 


Moderate frequencies (2-15/sec). Typical responses to stimulation within 
this range can be seen in Figs. 2, 3 and 4. At the lower end of this range 
(intervals between stimuli greater than 200 msec) the delay before the 
first spike was initiated was inversely proportional to the frequency of 
stimulation. Thus, for a given stimulus strength a definite number of 
stimuli were required to produce threshold depolarization. The increased 
over-all depolarization with successive stimuli was produced more by 
facilitation than by summation with any depolarization remaining from 
the previous stimulus. If stimulation was continued after the first spike 
fewer stimuli were needed to produce the second spike than the first. 
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This was due to the fact that the junction potentials had by this stage 
reached their full amplitude and the total depolarization produced by 
successive stimuli was due to summation. 

At the upper end of this range of frequencies summation became an 
important factor in determining the depolarization produced by the first 
few stimuli. Thus, as the frequency increased, the number of stimuli 
needed to fire the first spike was reduced. 

Low frequencies (less than 2/sec). For any given stimulus strength a 
minimum frequency of stimulation was required to elicit an action po- 
tential. The threshold frequency for stimuli of maximum strength varied 


Fig. 8. An example of an action potential in response to the initial stimulus to 
the hypogastric nerve. The second stimulus was given 430 msec after the first. 
Calibrations (50 mV and 100 msec) as in Fig. 2. | 


somewhat from preparation to preparation, probably according to the 
excitability of the muscle. In most experiments 2 or 3 stimuli were needed 
and these had to be given at frequencies greater than 1/sec. Only on rare 
_ occasions was a single stimulus sufficient. Figure 8 is an example of such 
a case. The resting potential was 56 mV and the junction potential in 
response to the first stimulus was 14 mV. This depolarization did not 
decay. The membrane potential remained at this ‘unstable’ level for 
100 msec before further depolarization occurred and a spike was initiated. 
A second spike was initiated after a very short delay by the facilitated 
junction potential in response to the second stimulus. — 

As the strength of stimulation was reduced, the minimum frequency 
needed to produce threshold depolarization increased (i.e. the threshold 
frequency increased). A typical example of sub-threshold stimulation 
frequency is shown in Fig. 9. Despite normal facilitation of the individual 
junction potentials, the over-all depolarization was insufficient to reach 
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threshold (row A). It can be seen that the decay of the junction potentials 
was almost complete before the next junction potential began; the fre- 
quency (1:2/sec) was too low to permit any summation. After 15 successive 
pulses (beginning of row B) a fatigue effect became apparent, the junction 
potentials being reduced in amplitude. Furthermore, an increase in 
frequency at this stage failed to elicit an action potential. In row C, 


10 mV 


1:20/sec 


sec 
Fig. 9. The effect of continued repetitive stimulation at subthreshold frequencies: 
records taken at 0 sec (A), 11 sec (B), 38 sec (C), and 60 sec (D) after the beginning 
of stimulation. Frequencies as shown. 


38 sec later, the frequency was increased still further. At 2-7/sec the 
responses to successive stimuli became irregular. Upon returning to a 
frequency similar to that given initially it can be seen (row D) that the 
junction potentials were reduced to less than half their initial amplitude. — 


Resting discharge 

In the absence of nerve stimulation a spontaneous discharge of what 
appeared to be ‘miniature junction potentials’ was recorded from every 
cell penetrated with the micro-electrode. A typical record of this discharge 
is shown in Fig. 10. The amplitude of these potentials varied from 15 mV 
to less than 1 mV, the smallest of them being indistinguishable from the 
noise level of the apparatus. The smaller potentials were flatter and had 
a slower rate of rise than the larger ones, Potentials of 6-1 mV appeared 


about once every 2 sec, but the larger potentials of 6 mV or more had a 
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lower frequency of about 1/2 min. A detailed analysis of the size, distri- 
bution, frequency and time course of these potentials will be dealt with in 
a later publication. | 


4 
sec 
Fig. 10. Continuous record of membrane potential in the absence of nervous 
stimulation, showing a spontaneous discharge of ‘miniature junction potentials’. 


DISCUSSION 


We have shown that the mechanism of the transmission of excitation 
from sympathetic nerve to smooth muscle does not differ fundamentally 
from transmission at other neuro-effector junctions, stimulation of the 
effector nerve producing depolarization of the post-junctional membrane. 
This paper is primarily a description of the main characteristics of this 
process. A detailed analysis of such features as the time course of trans- 
mitter action, facilitation, fatigue, etc., will follow. 

We have been unable to find any detailed information on the morphology 
of the innervation of the vas deferens of the guinea-pig. Langley & 


, Anderson (1896) studied the dog, cat and rabbit and found that stimulation 


of the sacral nerves or the pelvic nerve near its origin had no effect on the 
vas deferens. They concluded that this muscle had no nerve supply, 


_ either excitatory or inhibitory, from the sacral segments of the cord. 


Over 90% of the nerve fibres in the hypogastric nerve of these species are 
non-myelinated (Langley & Anderson, 1894). Grundfest & Gasser (1938), 
found that © fibres elevation made up 90% of the spike area in the cat 
hypogastric nerve, the conduction velocity of the main peak being 1-6 m/sec. 
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The conduction velocity of the main elevation of the guinea-pig hypo- 
gastric nerve was found to be 0-9 m/sec (35° C). It therefore appears likely 
- that in our experiments only the sympathetic supply to the vas deferens 
was stimulated and that most of the nerve fibres were post-ganglionic. 

In the guinea-pig the hypogastric nerves leave the inferior mesenteric 
ganglion and run for several centimetres towards the pelvic viscera. 
Here they fan out into many fine strands which are associated with part 
of the pelvic plexus. Several branches lead off from this plexus to run 
along the surface of the vas deferens, penetrating the muscle at intervals. 
The detailed relationship of the nerve endings themselves with the 
smooth-muscle cells is no clearer in this preparation than in any other 
autonomic effector organ. 

At this stage it might be profitable to summarize the most widely 
accepted facts about autonomic nerve endings, rather than to enumerate 
the various theories that have been put forward regarding their function. 
It is generally conceded that there exists a fine-mosh plexus of non- 
myelinated nerves enveloped by a Schwann syncytium and distributed 
throughout the muscle coats. This plexus has been called variously an 
‘autonomic ground plexus’ (Hillarp, 1959), ‘Schwann plasmodium’ 
(Lawrentjew, 1934), ‘sympathetic ground plexus’ (Boeke, 1949) and 
‘terminal reticulum’ (Stohr, 1954). An ‘interstitial-cell network’ is also 
distributed throughout the muscle. Recent work, including electron 
micrographs (Caesar et al. 1957; Richardson, 1958), has shown that the 
interstitial-cell network is quite distinct from the autonomic ground 
plexus and is not formed of Schwann cells. This evidence supports the 
view that it is formed of connective tissue, probably fibroblasts, rather 
than of primitive nerve cells. It has been suggested that it forms a link 
_ between the autonomic nerve endings and the muscle fibres (Meyling, 
1953) but there is little evidence to support this view (Paeninrtieon, 1958; 
Hillarp, 1959). 

What happens to the smallest branches of seean nerves is still obscure, 
but has been clarified to some. extent recently with electron microscope | 
observations. Richardson (1958) found a few examples of groups of 
vesiculated nerve fibres lying in an indentation on the surface of a muscle | 
fibre. From his observations on the small intestine of the rabbit he con- 
cluded that ‘...it is most improbable that each muscle fibre receives an 
ending...’. On the other hand Caesar et al. (1957), working with mouse 
urinary bladder, uterus and gall bladder, concluded ‘... that each and 
every muscle cell shows a close relationship to the axon at a well defined 
locus’. Neither of these authors exclude the possibility that axons 
passing close to muscle fibres may not possess discrete endings at all, but 
release transmitter substances at intervals along their length. 
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There still remains the question of how the peripheral extensions of the 
post-ganglionic axons form these terminal branches. It seems likely that 
each post-ganglionic fibre branches many hundreds of times and ramifies 
extensively throughout the effector organ (Hillarp, 1959). Hillarp has 
suggested that the terminal branches of several post-ganglionic fibres 
converge and run within the same strands of the ground plexus, innervating 
a certain number of cells or cell complexes. There appears to be little 
evidence to support the view that the autonomic ground plexus is a 
separate entity, connected synaptically with the post-ganglionic fibres. 

The results of our experiments have shed some light on this problem. 
First, we have shown that junction potentials can be recorded from every 
cell and therefore the nerve endings must be widely distributed throughout 
this smooth muscle. Secondly, our experiments suggest that there is a 
marked degree of convergence of each of the individual post-ganglionic | 
axons on each individual or small group of smooth-muscle cells. Thus, as 
the number of nerve fibres stimulated was decreased, the amplitude of 
the junction potentials decreased to a similar extent in all the smooth- 


» muscle cells impaled, at least over areas of up to 1 cm. Lundberg (1955) 


came to a similar conclusion from his studies on the secretory potentials 
in cat salivary gland. Further study of the spatial distribution or junction 
potentials in response to sub-maximal stimulation is required, before the 
degree of convergence can be finally assessed. ¢ 

The marked variation in the latency and rate of rise of the junction 
potentials recorded in the vas deferens suggests that some cells may be 
activated by a general diffusion of transmitter rather than its liberation at 
discrete nerve endings on the surface of the muscle. However, the passive 
electrical properties of this tissue will have to be measured before this 
suggestion can be verified. The concept of a generalized diffusion of trans- 
mitter was first put forward by Rosenblueth (1950) to account for his 
observation that the responses of autonomic effector organs to changes 
in frequency or strength of stimulation were ‘quantitatively. interchange- 
able’. We have obtained similar results on the vas deferens. The over-all 
rate of depolarization in response to nerve stimulation determined the 
frequency at which action potentials were initiated, and hence the tension 
developed. (A detailed discussion of the relationship between frequency 
of firing and tension will be given in a later paper.) This over-all rate of 
depolarization was dependent on 
(a2) the amplitude of the individual junction potentials and therefore the 

number of nerve fibres stimulated (stimulus strength), and 

(b) the frequency of stimulation. | Pee 

The junction potentials in the vas deferens decayed to half-maximum 


_ amplitude in about 150 msec. It seems unlikely that this slow. time course 
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of repolarization could represent the decay of an imposed depolarization 
in accordance with the passive electrical properties of this tissue. Burn- 
stock, Prosser & Barr (1959) estimated that the membrane resistance of 
cat intestinal muscle was of the order of 1100 Q cm? and it seems unlikely 
that the membrane resistance of the vas deferens muscle cells would be 
abnormally high. It seems more likely that this decay might represent the 
slow destruction of transmitter. Brown & Gillespie (1957) measured the 
output of transmitter from cat spleen (isolated but with circulation intact) 
during stimulation of its sympathetic supply. They estimated that 
100 msec was required for destruction of the transmitter liberated by 
each stimulus to the nerve. Similar studies on cat intestine suggested 
that the destruction of transmitter might be even slower in this situation 
(Brown, Davies & Gillespie, 1958). These authors reported that the output 
of transmitter per second reached a maximum at a frequency of 50/sec 
(cat spleen), remaining constant for higher frequencies of up to 200/sec. 
This may account for our finding that maximum rates of depolarization 


in the vas deferens were produced by stimulation at 50/sec, and that 


increasing the frequency had no effect on the rate at which action potentials 
were initiated. 

The presence of a discharge of ‘miniature junction potentials’ in the 
absence of nerve stimulation may help to shed further light on the nature 
of the nerve endings themselves and the arrangement of the autonomic 
ground plexus. The finding that they could be recorded in every cell may 
be taken as further evidence for distributed innervation. Their large 
amplitude, in relation to the ‘miniatures’ recorded in other tissues, can 
probably be accounted for by the relatively small diameter of the smooth- 
muscle cells. Katz & Thesleff (1957) calculated that the mean amplitude 
of the ‘miniatures’ recorded in a neostigmine-treated skeletal muscle 
fibre of 10 « diameter would be as large as 5:6 mV. The maximum diameter 
of the majority of smooth-muscle fibres in the nuclear region is 6, but 
for most of their length (100-200,) their diameter is smaller, being of the 
order of 1-3 (Burnstock, Prosser & Kahn, 1960). At present there 
appears to be no need to suggest that the packets of transmitter are any 
larger or cause greater depolarization at this junction than at the skeletal 
neuromuscular junction. The diameter of the vesicles found in autonomic 
nerve endings in mouse urinary bladder by Caesar, Edwards & Ruska 
(1957) was 350A, which falls within the size range of vesicles described 
at the skeletal junction (Birks, Huxley & Katz, 1960). 

The pharmacology of this junction is under investigation at present by 
Rand and his co-workers (personal communication). They have found that 
the response to hypogastric stimulation was unaffected by hexamethonium 


(5x 10-) and atropine (10-*) but was blocked by Darenthin (5 x 10-°) 
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and Priscol (5 x 10~*). These results suggest that this is a typical sympa- 
thetic-effector junction and that the transmitter is noradrenaline. In 
addition, the actions of nicotine, eserine and hemicholinium have been 
put forward as evidence that an intermediate cholinergic mechanism is 
involved in sympathetic transmission (see Burn & Rand, 1959). However, 
regardless of the mechanism of its release it is likely that the junction 
potentials that have been described in this paper were produced by nor- 
adrenaline. 


SUMMARY 


1. Membrane potential changes of single smooth-muscle cells of the 
guinea-pig vas deferens were recorded intracellularly during repetitive 
stimulation of the hypogastric nerve (1-100 pulses/sec). 

2. The membrane potential response to each stimulus to the nerve was 
a depolarization termed a junction potential. 

3. Individual junction potentials summed with each other until at a 
critical over-all depolarization (about —37 mV) a spike was initiated and 

4. The junction potentials in response to the first 6-8 stimuli showed 
a progressive increase in amplitude and rate of rise. 

5. The vas deferens was never spontaneously active and the muscle 
cells had resting potentials which varied from 50 to 80 mV. | 

6. The form of the action potentials resulting from direct stimulation 
of the vas deferens was identical with that recorded after stimulation via 
the hypogastric nerve. Amplitudes of action potentials, which were rarely 
complex, varied from 57 to 90 mV with overshoots of up to 20 mV. 

7. Junction potentials were recorded in every cell impaled. Their 
amplitudes varied little from cell to cell, but varied from 1 to 20mV 
within a cell, depending upon the number of nerye fibres stimulated and 
the degree of facilitation. There was, however, a marked variation in the 
latency of junction potentials from cell to cell, with differences of up to 
40 msec. The shortest latency recorded was 20 msec. 

8. The time to reach half-maximum amplitude of the junction potential 
was about 20 msec; the time for half-decay about 150 msec. 

9. The over-all rate of depolarization increased with increasing frequency 
of stimulation, but reached a maximum of 0-6 V/sec at 50/sec. 

10. In the absence of nerve stimulation a spontaneous discharge of 
‘miniature junction potentials’ of up to 15 mV appeared once or twice 
every 2 sec. | 3 

11. Our results have shown that the mechanism of transmission of 
excitation from sympathetic nerve to smooth muscle is essentially similar 


to that of transmission at other neuro-effector junctions; stimulation of . 
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the effector nerve producing depolarization of the post-junctional mem- 
brane. The results also show that the sympathetic nerve endings must be 
distributed widely amongst the smooth-muscle cells of the vas deferens. 


Further, that there is a marked degree of convergence of each of the 


post-ganglionic axons on each individual or small group of muscle cells. 
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THE ELECTROMAGNETIC MEASUREMENT OF THE FLOW OF 
DIGESTA THROUGH THE DUODENUM OF THE GOAT 
AND THE SHEEP 


By A. G. SINGLETON 
From the Physiological Laboratory, University of Liverpool 


(Received 17 August 1960) 


The quantitative aspects of digestion are of particular importance in 
ruminants, in which food is subjected to microbial fermentation in the 
reticulo-rumenal sac before being exposed to gastric and intestinal digestion 
lower down the alimentary tract. An assessment of the nutritional im- 
portance of microbial activity, which includes both break-down and 
synthesis of food material, requires as a basic measurement the quantity of 
material leaving the stomach over a suitable period of time. 

Phillipson (1952) measured directly the volume of digesta leaving a 
duodenal cannula. In some of his experiments the duodenum was blocked 


by an inflated balloon, which reduced the amount of flow; in others, the 


material flowing out was not returned to the duodenum, and this increased 
the amount of flow. He suggested that the values obtained by these two 
methods represented the lower and upper limits, respectively, of the range 
of true values, which would probably be between 350 and 800 ml./hr. 

More recently Hogan & Phillipson (1960) have published the results of 
experiments performed on sheep with re-entrant duodenal fistulae. Flow 
through the duodenum was measured by collecting material from the 
cannula nearest to the stomach and then returning it to the duodenum at 
short intervals. By this method a mean flow rate of 360 ml./hr was 
obtained. | 

In the experiments to be described the flow of digesta through the 
duodenum has been recorded and measured by a method which avoids the 
removal of material from the duodenum, or the application of any stimulus 
_ known to affect the rate of emptying of the stomach. It is based on the 
method of recording blood flow in unopened vessels described by Wetterer 
(1938) and Katz & Kolin (1938) and more recently by Richards & Williams 
(1953), which uses the principle of electromagnetic induction. - 
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METHODS 


Animals. Seven cross-bred goats and four Clun Forest cross-bred sheep were used. They 
were brought from pasture to the animal house and accustomed to indoor feeding for 
2-3 weeks before operation. They were fed twice daily, at 9.0 a.m. and 4.30 p.m., the goats 
receiving good quality hay and concentrates. The sheep received hay only, because con- 
centrates tended to produce blockage of the cannulae. The animals were kept in stands 
which were designed both to limit movement and thereby prevent damage to the cannulae 
and to make possible the measurement of food intake and faeces output. | 

Operative procedure. Anaesthesia was induced by pentobaribitone sodium I.v. and was 
then maintained by cyclopropane and oxygen in closed circuit after tracheal intubation. 
The duodenum was exposed and, after ligation of the mesenteric vessels, transected about 
2 in. (5 cm) beyond the pylorus. A Perspex cannula of $ in. (9 mm) internal diameter and 
about 2 in. in length was fixed in each open end. The cannulae were brought out through 
stab wounds in the abdominal wall, and joined by polythene tubing and Perspex right-angle 
bends. It was found that by inserting the cannulae in the open ends of the duodenum larger 
cannulae could be employed than if the ends of the duodenum were closed and the anti- 
mesenteric border cannulated. A successful preparation remains useful for 3-6 months, 
occasionally longer. After recovery from the operation, food intake and faeces output 
return to the pre-operative levels, and the animal maintains or gains body weight. 

Apparatus. The principle of the recording method is stated by Richards & Williams (1953) 
as follows: “When a conductor of length 1 cm moves with a velocity of v cm/sec through a 
magnetic field of H gauss, an e.m.f. is induced such that e = Hvl 10-*’. In this application, 
duodenal contents are the moving conductor, and if they flow through a rigid tube of uniform 
cross-sectional area the diameter of that tube is equivalent to the length of the conductor. 
The velocity will be directly proportional to the volume flow in unit time. If the voltage 
change is recorded on moving paper and if the over-all calibration curve is linear, then the 
areas between the voltage curve and base line will be proportional to the volume of duodenal 
contents flowing through the tube in unit time. 

The electro-magnetic flowmeter consists of the electrode-holding block, non-polarizable 
electrodes, a large permanent magnet and electrical recording equipment. The electrode 
holder is formed from a block of Perspex, shaped so that it can be fitted between the pole- 
pieces of the magnet and locked in position by a Perspex nut on a brass screw. It includes 
a central tube through which the duodenal contents pass, and smaller holes which are a close 
fit for the electrodes and which communicate with the central tube in the correct plane by 
narrow drilled channels which are filled with agar-saline jelly. It is important that no 
movement of the electrodes relative to the magnet should be allowed (Fig. 1). The electrodes — 
are miniature calomel half-cells similar to those described by Richards & Williams (1953). 

The permament magnet is made of Alcomax III (Messrs Jessop Sheffield) and has mild-steel 
pole pieces separated by a } in. (12 mm) gap, the field strength across which is 10,000 gauss. 
It rests on a wooden platform suspended from a stand by ropes passing over pulleys and is 
counter-balanced by lead weights so as to allow adjustment in height for different sizes of 
animal. | 

The recording apparatus consists of a push-pull DC pre-amplifier and oscilloscope with 
moving film camera. 

Experimental. Recordings are made with the animal standing, lightly restrained between 
two Pavlov stands which prevent lateral movements. The duodenal cannulae are connected 
to each end of the central tube of the electrode holder by an 8 in. (20 cm) length of polythene 
tubing, the flexibility of which allows some movement of the animal without movement of the 
magnet (Fig. 2). The animals are well accustomed to handling before operation and quickly 
become used to the laboratory, so that continuous recordings can be made for periods of up 
to 3 hr. 
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Fig. 1. The permanent magnet on its counter-balanced wooden platform. The 
electrodes in the Perspex block are rigidly fixed between the pole pieces, and the 
polythene tubing connects with the central tube of the electrode holder. 


Fig. 2. The flexible connexion between the duodenal cannulae and the 
electrode holder, which allows some movement by the animal. 
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The areas between velocity tracing and base line are measured by planimeter, and the 
relationship between area and volume is established by direct calibration, which has been 
done by two methods. In the first, measured volumes of sodium chloride solution or duodenal 
contents are allowed to pass through the Perspex tube of the electrode holder; in the second, 
digesta from the lower duodenal cannula are allowed to pass through the flowmeter for short 
periods, but instead of returning them to the upper cannula they are collected and measured. 

By the first method calibration is precise. The curves obtained are regular, and the areas 
easy to measure by planimeter. The second method produces a tracing similar to those 
obtained during actual experiments, except that antiperistaltic flow is prevented. The areas 
to be measured are smaller and less regular and include some caused by oscillation of the 
column of fluid due to movements of the animal, so that the error involved in planimeter 
measurement is greater. 


RESULTS 
Calibration 


The passage through the flowmeter of measured quantities of sodium 
chloride solutions or abomasal contents produces results similar to those 
described by Richards & Williams (1953) in that, when area is plotted 
against volume, there is a straight-line relationship, the line passing through 
the origin. The results of calibration with NaCl solution 0-9 g/100 ml. and 
duodenal contents are shown in Fig. 3, the line being a regression of area on 
volume. A comparison of means of the areas obtained with saline and 
duodenal contents shows no significant difference between the two 
(P > 0-4). The results of calibration on the animal are shown in Table 1. 
By this method all experimental error of measurement is included. 


Pattern of flow through the duodenum 


The tracings (Figs. 4 and 5) confirm Phillipson’s observation (1952) that 
flow occurs mainly in gushes, separated by intervals of different lengths, 
but also show that flow occurs in both directions, a flow of material from 
the stomach being usually, but not invariably, followed by a smaller 
return flow, represented by the area below the base line. Small spurts of 
retrograde flow also occur independently of the main aboral gushes 
(Fig. 5). 

The tracings are primarily a record of velocity change. In any one 
animal differences occur in the form of individual flows, the rates of 
acceleration and deceleration and the peak velocity and duration, pro- 
ducing a considerable range of variation in the volume ejected at each 
gush. The highest peak velocities observed in goats have been of the order 
of 18 em/sec but more usually lie within the range 7-11 cm/sec. In sheep 
the velocities tend to be lower, within the range 4-9 cm/sec, but occasionally 
as high at 12 cm/sec. 

As well as this variation in the volume of individual flows, there is also 
variation in frequency, and in the size and incidence of the return flows. 
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The amount of to-and-fro movement is much greater in goats than in 
sheep, as can be seen from the tracings in Figs. 4 and 5, and from the 
histograms (Figs. 7 and 8). Feeding has no regular effect on the pattern of 
flow in animals fed by the normal routine. If an animal is deprived of food 
for 24hr the flow is very much reduced and a subsequent feed is im- 
mediately followed by an increased rate of flow. Although rumination can 
occur without any obvious regularity of the duodenal flow it is often 
accompanied by a flow pattern in which the gushes occur in groups of 
two to six, separated by short intervals (Fig. 6). 
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Fig. 3. Calibration of the flowmeter by passing measured quantities of saline 
(©) and duodenal contents (@) through it. The line is a regression of volume on 
area, 


TABLE 1. Calibration on the 


Duration Volume Area 
of expt collected measured 
min (ml.) (cm?) Vol./cm? 
10 130 1-183 110 
14 100 0-833 120 
10 245 2-150 114 
9 270 2-266 119 
12 325 2-75 118 
7 100 0-866 115 
10 425 3-600 118 


Mean vol./em* = 116-3+s.x. 1-32. 


Area (cm?) 
Animal 
no. 
31 
31 
31 
31 
31 
61 
52 
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— 


Fig. 4. Examples of flow records from goats, illustrating the variation which occurs. 
The areas above the base line represent aboral flow, those below retrograde flow. 
Time marker, minutes, 


— 


Fig. 5. Representative tracings from sheep. The aboral flows tend to be smaller than 
in goats, and the quantity of retrograde flow much less. Time marker, minutes. 


T 


Fig. 6. Examples of a flow pattern often seen during rumination, in which 
gushes occur in groups separated by intervals. Time marker, minutes. 
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The quantity of material leaving the stomach 

The first experiments, performed on five goats, consisted of relatively 
short periods of recording, lasting up to 80 min and all between the hours 
of 9.0 a.m. and 10.0 p.m, The results are summarized in Table 2 and show 
the extent of variation in rates of flow. The histograms in Fig. 7 show the 
short-term variation which occurs between successive 5-min periods. It is 
apparent from these results that the volumes of aboral and retrograde flow 
can vary independently, and that the volume of retrograde flow has a 
considerable influence on the net volume of material leaving the stomach. 
Over such short periods there is occasionally more retrograde than aboral 
flow, as shown by the white areas below the base line. Intervals of up to 


15 min during which there is no flow in either direction occur quite 
commonly. 


TaBLE 2. Results of short experiments on five goats expressed as flow 


Mean Mean Mean 
No. aboral retrograde net aboral | 

of Goat Wt. flow flow flow Coef. of 
expts. no. (kg) (mi./hr) (ml./hr) (ml./hr) Range $.D. variation 

6 13 35 868 475 392 117-684 116 42 

23s 31 41 2037 1143 893 174-1925 511 57 

8 21 33 863 279 584 191-858 255 44 

22 41 34 2839 1520 1319 282-2025 483 37 

7 23 25 1251 419 803 307-1180 343 43 


Similar periods from short-term experiments on a sheep are shown in 
Fig. 8. The same kind of variation occurs, but the proportion of retrograde 
to aboral flow is always smaller and the net rate of flow through the 
duodenum is always less than in goats. This can be explained in part by the 
higher dry-matter content of the duodenal contents in sheep (5-6 °%) 
compared with goats (3-4°%). Furthermore, as the sheep were receiving 
no concentrates this might well have reduced the volumes of saliva and 
gastric secretion. 

The volume flowing in 24 hr 


The practical limit for a period of continuous recording is about 3 hr. 


After this length of time some animals became restless and, as they must 
remain standing during the whole recording period, it was considered that 
longer periods would interfere unduly with their normal habits. The 
amount of variation in the volumes flowing over short periods (about 1 hr) 
is too great for a mean value to be representative of all hours of the day, 
and an estimate of the total flow in 24 hr obtained from it would not take 
into account any longer-term variations or diurnal rhythms which might 
occur. If the volume of flow over any particular period of the day is similar 
from day to day, a better estimate might be obtained by recording each 
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3-hr period of the day on a different day and covering each of the 24 hr in 
as short a period as practicable. An examination of the results of the short 
experiments on goats indicated that the hourly flow rates for the morning 
were of the same order, and different from those in the afternoon (Table 3). 
These experiments were not planned to show this point, and begin and end 
at different times of day, but they do suggest a certain degree of consistency 
at about the same time of each day. It might be expected that longer 
recording periods such as 3 hr beginning and ending at the same time each 
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Fig. 7. Quantities of duodenal contents flowing backwards and forwards in successive 
5-min periods in six experiments on the same goat. The total height of each block 
represents the quantity leaving the stomach and the black area denotes the 
proportion returned as retrograde flow. The white areas thus represent net aboral 
flow: occasionally, over these short periods, this quantity is negative. 
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day would show less variation, and this is confirmed by the experiments 

on sheep 929 (Table 5). | 
Six 24-hr estimates were made on this basis, two on one goat, and one 

each on another goat and on three sheep. The results are summarized in the 

histograms (Fig. 9) and in Table 4. From the histograms it can be seen 

that the goats show a regular tendency to a period of reduced flow in the 


120/- 


Volume (ml.) 
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Fig. 8. Quantities of duodenal contents flowing in successive 5-min periods in four 


experiments on one sheep. The black areas show retrograde flow, the white areas 
the net amounts leaving the stomach. 


TasBLE 3. Comparison of flow rates between morning and afternoon experiments on goat 31 


Experiments between Experiments between 
9.0 a.m, and 2.0 p.m. 2.0 and 5.0 p.m. 
Net | Net 
Time of aboral flow Time of aboral flow 
commencement (ml./hr) commencement (ml./hr) 

9.35 208 2.20 
11.30 348 2.25 720 
11.40 780 2.25 950 
11.50 568 2.25 914 
11.50 711 2.25 1100 
0 270 2.45 1209 
1.0 174 2.50 804 
1-0 499 2.55 1146 
Mean 444 3 Mean 879 


8.D. 230 8D. 215 
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Goat 52 


heep Sheep 87 ‘ Sheep 81 
| LLLitiiiys 
Fig. 9. Histograms showing the pattern of flow over a composite 24 hr, in eight 
3-hr periods, beginning with 10.30 p.m.—1.30 a.m. recorded on different days. Above 
4 - are three results from two goats all showing a period of reduced flow in the early 


morning. Below are the results from three sheep which show no consistent — 
Retrograde flow is black, net aboral flow white. 


Taste 4. The volume of duodenal flow in 24 hr obtained by adding eight 3-hr periods 
covering every hour of the day 


Food intake 

Body Con- Aboral Retrograde Net hourly 

wt. centrates flow flow aboral flow flow 

Animal (kg) (g) (g) (mail. /24hr) (ml./24hr) (ml./24hr) (ml) 

Goat 52 267 21,024 8.661 12,363 515 

Goat 48 (i) 33 900 400 37,506 21.439 16,067 669 

Goat 48 (ii) 34 780 400 36,314 20,878 15,436 643 

Sheep 86 60 596 sn 12,644 1,505 11,139 464 

Sheep 87 68 781 secs 13,140 1,304 11,836 493 

Sheep 813 62 627 sas 11,991 155 11,236 468 
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early morning which might be related to the unequal interval between feeds, 


although the sheep on a similar feeding routine show no regular pattern. 

The large amount of retrograde flow shown by goat 48 in both experi- 
ments is in part due to an artifact caused by the use of a different pre- 
amplifier which had an unbalanced input. This produced spurious potentials 


due to movements of the animal but as they were randomly positive and . 


negative they make little difference to the value for net aboral flow. 


Taste 5. Replicate recordings on sheep 929 over the period 10 a.m.—1.0 p.m. 


Aboral Retrograde Net 
flow flow aboral flow 
(ml.) (ml,) (ml 
1358 172 1188 
1631 294 1337 
1369 160 1209 
1800 201 1599 
2067 662 1405 


Mean net aboral flow 1162 ml.+8s.p. 144, coefficient of variation 12-4 %. 


TaBLx 6. Total quantities of dry matter and crude fibre digested, calculated from food and 
faeces analysis, and proportion digested in the reticulo-rumen, calculated from duodenal 


flow measurement and analysis of duodenal contents 


Dry matter . Crude fibre 
Total dry apparently Total apparently 
matter isappearing crude fibre igested in 
digested in the stomachs digested the stomach 
Animal (g) (g) ? (g) (g) 
Goat 52 425 239 (56%) 100 101 (101 %) 
Goat 48 (i) 702 444 (63%) 154 146 (95%) 
Goat 48 (ii) 679 369 (54%) 138 (83%) 
_ Sheep 86 376 — 80 (—21%) 96 48 (48%) 
Sheep 87 447 92 (21%) 98 77 (79%) 
Sheep 813 341 140 (41%) 155 129 (83 %) 
DISCUSSION 


The results of the calibration experiments indicate that the electro- 
magnetic method of flow measurement is extremely accurate and that 
when the calibrations are performed on the animal, so that all possible 
error of measurement is included, the total error is negligible. Accepting 
that the measurements themselves are accurate, other objections can be 
raised as to the validity of the results. Transection and cannulation of the 
duodenum might affect the mechanisms which control the emptying of the 
stomach. In particular, the backward and forward movement of digesta 
in the duodenum might be a feature of this preparation, and may not occur 
in the intact animal. It is well known, however, that backward and 


_ forward movements have been observed radiologically in the duodenum of 


man, and there is no reason to doubt their occurrence in animals. The 
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return of food intake and faeces output to pre-operative levels after the 
animals had recovered from the surgical interference, and the maintenance of 
body weight, suggest either that the animals were not unduly affected or 
that they were rapidly adjusted to the condition. In addition, long periods 
occurred, particularly in the sheep, when the retrograde flow was almost 


_ negligible and the independent variation of retrograde flow might mean 


that it is part of the mechanism which controls the rate of stomach 
emptying. The to-and-fro movement may also be significant with regard 
to the point of entry of pancreatic secretion and bile, which is about a 
foot beyond the pylorus, in that these secretions would be carried forward 
and so.would affect the pH in the first part of the duodenum. The results 
obtained from sheep are too few to justify the conclusion that as a species 
they differ from goats. The smaller amount of backward and forward 
movement could well be due to the difference in diet. 

The methods of measurement used by Phillipson (1952) and by Hogan & 


Phillipson (1960) would prevent the occurrence of retrograde flow, and so 


might alter the values obtained. Expressing retrograde flow as a per- 
centage of total aboral flow occurring over periods of at least an hour and 
ignoring the results obtained on goat 48 where artifacts occurred, a mean 
value of 40° with a range of 2-56°%%, is obtained for retrograde flow in 
goats, while for the sheep the mean is 5°, with a range of 0-17 %. 

The total quantity of material leaving the stomach in 24 hr will depend 
not only on the size of the animal and on its food and water intake, but 
also on the amount of digestion and absorption occurring in the reticulo- 
rumen and the volumes of salivary and gastric secretions, which in turn 
will be influenced by the composition of the food. An.ideal method of 
measurement would be applicable to the animal without producing any 
disturbance of its normal behaviour, so that recordings could be made over 
several successive days without the animal being moved from its usual 
accommodation. 

The method described here, by which the daily output is estimated by 
adding together the quantities recorded in 3-hr periods, assumes that 
(1) flow during a given 3-hr period does not vary significantly from 
day to day and (2) the volume of flow measured in the laboratory is 
representative of what would occur if the animal had not been disturbed. 
The first assumption was tested by performing replicate recordings of the 
flow over the same 3-hr period of successive days. The results are shown 
in Table 5. If we assume that all periods would have a similar coefficient 


_ of variation, and that each period is independent of the others, an estimate 


of the error from this source can be made for each experiment thus 


(24 hr) = 
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where C = coefficient of variation, x = volume flowing in 3-hr period. 
Calculated in this way the s.x. of the six 24-hr experiments lie ne 
+45 and +4-8% of the totals. 

Alternatively, if we assume that all 3-hr periods would have a similar 
standard deviation rather than C, the s.8. of the total would be 


where n, = number of periods added together, nr = number of replicates. 
By this neothod, the s.z. would be +211 ml., which is less than 2% of the 
24-hr flow values. 

The second assumption, that flow recorded in the laboratory is not 
different from what would occur if the animal were undisturbed, cannot 
be tested directly, but an assessment of the total error can be made by 
comparing the quantities of dry matter and crude fibre apparently 
digested in the stomachs with the results of other workers obtained by 
different methods. The values of Table 6 have been calculated from results 
of chemical analyses of food, duodenal contents and faeces which are to be 
presented in another paper. 

Hogan & Phillipson (1960), using a similar preparation, measured duo- 
denal flow directly in sheep by collecting material from the lower cannula, 
measuring its volume and reintroducing it into the upper cannula at short 
intervals. They found a mean flow rate of 360 ml./hr through the duodenum. 
On the basis of this measurement they report that 70°% of the digested 
dry matter was digested in the stomach. The sheep were fed on a diet 
similar to that of the goats in the present experiments, which show an 
apparent disappearance of only 54-63 % of the dry matter in the stomachs. 
This lower value could be accounted for by the 24-hr flow estimates being 
too high, but the proportions of the crude fibre digested which disappear 
between mouth and pylorus suggest that they are, if anything, slightly low. 

Gray (1947), using a lignin-ratio technique, reported that 70°% of the 
cellulose digested in sheep was digested in the rumen, and Hale, Duncan & 
Huffman (1940) by a similar method found a corresponding value of 
85% in cows. It is surprising that Hogan & Phillipson should obtain a 
relatively low value for duodenal flow, as their method of measurement 
would prevent retrograde flow and they removed 10°, of each sample 


before returning it to the duodenum, which would tend to increase the 
rate of stomach emptying. | 


The sheep in the present experiments were fed on hay only, so that in the © 


absence of readily fermentable concentrate it is to be expected that less of 
the digestible dry matter would disappear in the reticulo-rumen. The 
result for sheep 86 appears to be a considerable over-estimate of duodenal 


flow, as more dry matter appears at the duodenum than was eaten. This in . 
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itself is not impossible, since the dry matter of duodenal contents contains 
14-25 % ash (Masson & Phillipson, 1952) compared with 5-7 % in that of 
hey, and other constituents of saliva and gastric juice may be present. By 
comparison with the rumenal digestion of crude fibre in the other two 
sheep it would appear to be an over-estimate of about 27 °%. This sheep had 
a particularly nervous temperament, and it may well be that duodenal 
flow was greater in the laboratory than when the animal was undisturbed. 


SUMMARY 


1. An electromagnetic method of recording the flow of digesta through 
the duodenum of small ruminants is described. 

2. The flow pattern shows peristaltic-antiperistaltic movement; in goats 
about 40°%, of the material leaving the stomach is returned to it and in 
sheep about 5%. 

3. In periods of up to 1} hr of recording during the day the mean net 
aboral duodenal flow ranged from 400 to 1300 ml./hr for different goats. 

4, Estimates of the total flow through the duodenum per day were made 
in six separate experiments carried out on two goats and three sheep. 
Goats on a diet of hay and concentrates had a duodenal flow rate of 
12-15 l./day, and sheep on a diet of hay 11 |./day. 

5. The errors involved in these estimations are discussed. 
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ANALYSIS OF THE ANTIDROMIC CORTICAL RESPONSE 
FOLLOWING STIMULATION AT THE MEDULLARY PYRAMIDS 


By 8. J. JABBUR anp A. L. TOWE 
From the Department of Physiology and Biophysics, University of 
Washington School of Medicine, Seattle, Washington, U.S.A. 


(Received 22 August 1960) 


The electrical response recorded from the surface of the pericruciate 
cortex following stimulation of the medullary pyramids was first investi- 
gated by Woolsey & Chang (1948), and was studied in further detail by 
Chang (1955a, b), Landau (1956) and others. This response has been used 
to map the origin of the pyramidal tract (Woolsey & Chang, 1948; Lance & 
Manning, 1954; Porter, 1955) and as an index of activity in various parts 
of the cortical pyramidal neurones (Woolsey & Chang, 1948; Chang, 1952, 


1955a,b; Landau, 1956; Purpura & Grundfest, 1956). Largely because — 


antidromic invasion is thought to be a sequential process, the axon, cell 
body and proximal portion of the apical dendrite have been implicated in 
the initial positive deflexion and the superficial portion of the apical 
dendrite has been held responsible for the subsequent negative wave. The 
complex array of basal dendrites has been ignored. A late, large potential, 
usually surface-negative in the motor cortex, has been said to result from 
recurrent collateral activation of the superficial portion of the apical 
dendrites. Landau (1956) has taken issue with this interpretation, believing 
that the latter is an orthodromic response in the cortex produced by 
current spread to the adjacent medial lemniscus. All these studies have 
involved electrical stimulation of the medullary pyramids in situ. In order 
to analyse the cortical response with a view to defining which components 
result from antidromic activity in the pyramidal tract and which com- 
ponents depend upon spread of current to adjacent structures, strands of 
medullary pyramid were stimulated when they were in contact with, and 
when they were isolated from, the brain stem (Towe & Jabbur, 1959). 


METHODS 


Of the forty cats used in this study, thirty-four were anaesthetized with «-chloralose 
(35-40 mg/kg, 1.P.) and immobilized with decamethonium bromide (1 mg/hr, 1.v.), and six 
were anaesthetized with pentobarbital sodium (35 mg/kg, 1.P.) and immobilized, when 
necessary, with D-tubocurarine chloride (1 mg/hr, 1.v.). All animals were maintained on 
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artificial respiration; bilateral pneumothorax was produced in thirty cats. The bulbar 
pyramids were exposed by a ventral approach, and the anterior portions of both cerebral 
hemispheres were exposed in a routine manner. During the experiment a portion of one 
medullary pyramid was dissected out as a strand 0-5-0-7 mm thick, 1-2 mm wide and 
7-10 mm long, and severed transversely at its caudal end. This strand could be lifted free 
from the underlying tissue and stimulated in mineral oil or in air to excite the cortical 
pyramidal cells antidromically. The extent of the strand dissection was estimated from 
Luxol-fast-blue and Weil-stained sections of the formalin-perfused brain stem. Extreme 
caution was required in dissecting the pyramidal strand, because fibres of the medial 
lemniscus, passing ventrally to the inferior olive, are juxtaposed to pyramidal fibres for a 


Fig. 1. Luxol-fast-blue stained section through posterior trapezoidal region of brain 
stem, showing extent of isolated strand dissection (arrow) in typical preparation, 
The millimetre scale on the left has. been — for a 37% shrinkage in this 
paraffin-base preparation. 


centimetre of their course in the bulb (Glees, Liddell & Phillips, 1951). The histological 
preparations did not allow differentiation of these two fibre tracts; the geometric relations 
of the dissection constituted the only anatomical clue to the success or failure of the dis- 
section (Fig. 1). 

Bipolar needle electrodes were inserted into the central foot pads of the forepaws, and 
0-1 msec square-current pulses were induced by means of radio-frequency isolation units. 
Both bipolar silver-wire and concentric steel electrodes were employed for stimulation of the 
bulbar pyramids. Hooked silver-wire electrodes were used to elevate the dissected strand 
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free from the underlying tissue (the animal was maintained supine). With a micrometer drive 
system the strand could be raised and lowered during an experiment and could thus be 
stimulated while isolated from or in contact with the brain stem. Square-current pulses, 
usually 0-01 msec in duration, but occasionally longer, were delivered to the pyramidal 
strand and the brain stem. | : 

A silver-ball surface-monitoring electrode was placed on arm area I of the sensorimotor 
cortex to record the evoked potentials. Conventional recording methods were employed; 
the over-all low-frequency time constant of the recording system was kept around 
140 msec. 


RESULTS 


A single shock to the surface of the intact medullary pyramids elicited 
in the ipsilateral sensorimotor cortex a complex potential consisting of three 
or four distinct components. The first of these components, labelled a in 
Fig. 2, began 0-40-6 msec after the bulbar shock and lasted about 1 msec. 


Fig. 2. Response at surface of postcruciate cortex, about 1 mm posterior to the 

lateral tip of the cruciate sulcus, following stimulation of the surface of the medullary 

pyramids through bipolar electrodes. Pulse duration, p = 0-05 msec; pulse inten- 

sity, = 10 potentiometric units (one potentiometric unit equals about 1-2 V at the 

output side of the isolation transformer). In this and all subsequent figures, 

positivity of the recording lead with respect to the indifferent lead is down. Peak- 
- to-peak amplitude of the d wave is 0*8 mV. 


It faithfully followed repetitive shocks in excess of 400/sec, was the last 
component to fail during asphyxiation and, of all the components, had 
the lowest threshold. The b component had a latency of about 1-5 msec 
and, like a, lasted 1 msec. Unlike a, however, b failed to follow repetitive 
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. shocks at frequencies exceeding 80-100/sec. The sensitivity of component 


b to asphyxia was between that of a and c. Component c had a much 
higher threshold than a, a variable configuration from one experiment to the 
next, and failed to follow repetitive shocks at frequencies above 10-20/sec. 
The last component, labelled d, had properties similar to those of the 
primary evoked response that followed stimulation of the contralateral 
cutaneous surface. In fact, at some loci on the pericruciate cortex, the 
primary evoked response and the d component were almost identical. The 
time course of recovery of excitability of d following a single shock to the 
ventral brain stem was identical with that of the primary response fol- 
lowing a single cutaneous shock. Furthermore, d responses and primary 


Fig. 3. Postcruciate cortical responses following stimulation of the unoperated brain 

stem at the various positions indicated on the drawing of the ventral brain stem 
(p = 0-05, <4 = 10). In uppermost trace, a and f are present, but 6, c and d are not 
produced at this intensity. Increasing the stimulus intensity at the most rostral 
position produces a wave identical to the next lower trace. 


responses interacted in precisely the same way, as did two primary 
responses or two d responses. It was concluded that the d component 
resulted from current spread to, and activation of, the medial lemniscus. 

If the d component results from orthodromic lemniscal input, it is 
tempting to regard the a, b, and c components as the consequences of anti- 
dromic activity in pyramidal tract axons. If this interpretation is correct, 
stimulation of the pyramidal tract alone should yield all but the d, or 
lemniscal, wave. Stimulation of the pyramidal tract alone should be 
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possible by weakening the shock strength or by stimulating in a region 
(e.g. the pons) where the medial leminiscus and the pyramidal tract diverge. 
However, as is shown in Fig. 3, when the stimulus position was advanced 
to the pons, not only the d wave, but also the 6 and c waves diminished 
and disappeared. At the most rostral stimulus site strengthening the shock 
recaptured the later components, while weakening the shock further 
reduced the a response. Note in the uppermost trace of Fig. 3 and trace A 
of Fig. 4 that a second, prolonged positive wave is present. The fast 
deflexion of the b wave is superimposed upon this wave; the prolonged — 


Fig. 4. A: Pyramidal antidromic response obtained by very weak stimulation 
(p = 0-04 msec, ¢ = 10) over the rostral trapezoid region of the unoperated brain 
stem. The a wave is 0-3 mV, fis 0-1 mV, B: Same stimulus strength applied over 
the middle of the pyramids (mid-olivary level) produces late components. Thea wave 
is almost 0-5 mV, 6 about 0-25 mV. Time applies to fast sweeps; slow sweep. = 
is 1/10 of fast sweep speed. First 3 msec of both slow sweeps retouched. 
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portion may be a separate component. Hereafter we shall restrict the term 
b wave to the fast deflexion and use the term B to refer to the small, 
prolonged positive wave that follows a. Comparison of the slow and the 
fast sweeps, A and B of Fig. 4, reveals the b and £ components, and sug- 
gests that ¢ was surface-negative in that particular preparation. 


Peak-to-peak amplitude (mV) 
1 


0 1 2 3 4 5 
Depth below ventral surface (mm) 


Fig. 5. Responses from surface of postcruciate cortex produced by stimulation at 
various depths in the brain stem with a coaxial electrode. Numbers indicate depth 
beyond ventral surface of pyramids according to manipulator vernier (see Fig. 1). 
The traces below 2-0 mm show the shock artifact but no a response. Series taken 
during penetration from surface; p = 0-025 msec, i = 10. Graph on right side 
plots amplitudes, of a, b, and d as a function of position of bipolar electrode during 
withdrawal to surface; p = 0-01 msec, 4 = 10. The amplitudes of a and b were mea- | 
sured from fast, high-gain sweeps (not illustrated), whereas d was measured from 
simultaneous slow, low-gain sweeps such as those shown in the traces on the left. 
The amplitude of b includes 8; however, f did not exceed 50 ,V in this preparation 
(see point on b curve at zero depth), and hence does not severely distort the graph. 


The 6 and ¢ components, like the d wave, appeared to depend upon 
spread of the current to structures beyond the pyramidal tract. Local 
stimulation at various depths in the brain stem aided in identifying the 
fibres responsible for the b wave (Fig. 5). During penetration and with- 
drawal of either bipolar or concentric stimulating electrodes, the various 
components of the cortical response altered in amplitude in a characteristic 
way. The fibres producing the b component are located in the region of the 
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medial lemniscus, and extend a little more dorsally. The c wave was not 
measured. . 
The above analysis implies that if the pyramidal tract is stimulated in 
isolation and without significant spread of current to adjacent structures, 
then only a and f will appear. Further, stimulating the base of the bulb 
exclusive of the pyramidal tract should elicit b, c, and d, but neither a nor f. 
The first condition was realized by stimulation of the dissected strand of 
pyramidal tract as one would a desheathed peripheral nerve bundle. 


Fig. 6. Recording 2mm posterior and medial to lateral tip of cruciate sulcus. 
A: Stimulation of pyramidal strand and subjacent brain stem; p = 0-04 msec, 
« = 10. B: Stimulation of isolated pyramidal strand ; a wave is 75 »V in amplitude, 
p = 0-10 msec,i = 10. C: Dand I waves recorded from distal electrode on isolated 
strand following direct cortical stimulation. D: Shape of cortical potential before 
operation; p = 0-04 msec, i = 10. a, b, c and d show the slow sweeps recorded 
simultaneously. 


Traces A and a in Fig. 6 show the entire complex produced by bipolar 
stimulation of such a strand lowered into place in the brain stem; all four 
components are evident. When the strand was raised above the under- 
lying tissue (Fig. 6B and b), only the a wave and a slight 8 wave could be 
elicited. The a wave thus produced was always smaller than that produced 
in the undissected preparation or when the strand lay on the brain stem, 
probably because the strand included only a part of the pyramidal tract. 
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Maximal stimulation of the pyramidal strand (10 msec square pulse of 
12 V amplitude) failed to recruit the b, c and d components. The isolated 
a wave followed stimulus repetition rates in excess of 400/sec with no 
attenuation, but maintaining its simple configuration. No subsequent 
components appeared as the stimulus rate was varied from 0-2 to 500/sec. 
Each isolated strand remained viable for 1-4 hr and then deteriorated 
rapidly, so that the a wave no longer could be produced. The viability of 
a freshly prepared strand was indicated by its capacity to conduct cortico- 
fugal discharges such as D and I waves (Fig. 6C) resulting from direct 
cortical stimulation (Patton & Amassian, 1954) and the reflex corticofugal 
discharge following cutaneous stimulation (Patton & Amassian, 1960). The 
fact that lowering the strand into place and stimulating the brain stem 
resulted in an a wave of the same amplitude as the unoperated response 
(compare traces A and a with D and d of Fig. 6) further attests the 
viability of the strand. 

In different preparations the amplitude of the a wave produced by 
stimulation of the isolated pyramidal strand ranged from 15 to 90% 
(usually 50-70%) of the amplitude of the a wave elicited by stimulating 
the ventral pyramids of the unoperated preparation. This variation was 
principally due to differences in the sizes of the dissected strands. The B 
waves were small, being almost undetectable in half of the preparations 
but clearly present in the others. 

In several preparations the strand was elevated out of the way, the rest 
of the pyramidal tract was removed, and the remaining brain stem was 
then stimulated with bipolar electrodes. Such stimulation produced the 
_ 6, c, and d waves, without the a wave. In Fig. 7A the 8 wave can be 
detected, but it is absent from Fig. 7B. This can be seen best in the slow 
sweeps, comparing the voltage at the end of b in the two sweeps. The 
c wave in this preparation was surface-positive. 

In summary, antidromic pyramidal activity produces the a and B waves. 
Orthodromic medial-lemniscus activity produces the d wave and activity 

in certain fibres intermingled with the medial lemniscus produces the b wave. 
The elusive c wave does not result from pyramidal tract activity ; its origin 
remains obscure, | 

DISCUSSION 

The results now presented differ from those of previous similar studies 
in that the ‘pyramidal antidromic response’ has been reduced to a simple, 
two-component, positive response. This two-component portion of the 
more complex response produced in the pericruciate cortex by bulbar 
stimulation can be detected in published records (Woolsey & Chang, 1948; 
Lance & Manning, 1954; Porter, 1955; Chang, 1955a,b; Landau, 1956) 
of other investigators. However, components b and c have been erroneously 
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included as components of the pyramidal antidromic response. Comparison 
of the cortical responses to pyramidal stimulation in the different species 
studied by Woolsey & Chang (1948) and by Porter (1955) reveals the a 
wave to be the only clear common feature. We have also stimulated an 
isolated pyramidal strand in a squirrel monkey ; a cortical response identical 
with that in the cat was obtained. It thus appears that the simple, two- 
component configuration is a common feature of antidromic cortical 
responses of mammals. 


Fig. 7. Records from posteruciate cortex following bipolar stimulation of brain 
stem with and without the pyramidal tract; p = 0-04 mséc,i = 10. A: simultaneous 
stimulation of pyramidal strand and subjacent brain stem. B: stimulation of brain 
stem with pyramidal strand deflected forward, and hence not stimulated. Both 
a and f are absent in this trace, but b remains. Time applies to fast sweep; slow 


sweep speed 1/10 of fast sweep speed. The first 3 msec of both slow sweeps have been 
retouched. 
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The present experiments do not indicate whether or not apical dendrites 
are depolarized during antidromic invasion. If apical dendrites are actively 
invaded during antidromic activation, however, they make no significant 
contribution to cortical surface negativity; the a and p components are 
preponderantly surface-positive. This conclusion is contrary to the asser- 
tion (Chang, 1952, 19555) that apical dendrites produce a large, surface- 
negative potential during antidromic invasion. There is also reason to 
doubt that surface-negative components of orthodromic cortical potentials 
result from superficial dendritic depolarization of pyramidal tract neurones. 
Von Euler & Ricci (1958) found that the positive and the negative com- 
ponents of the evoked primary response in the auditory cortex are inde- 
pendent of each other. Patton & Towe (1957; Towe & Patton, 1957; 
A. L. Towe, unpublished observations) have studied both the rate of change 
of potential with depth and the time—depth distribution of unit activity in 
the same patch of somatosensory cortex. They found a striking agreement 
between unitary activity and potential distribution at all levels within the 
cortex. The proposal that surface-negativity depends upon depolarization 
of apical dendrites is inconsistent with these observations. It is interesting 
to note, in this connexion, that the hippocampal surface response to direct 
hippocampal stimulation (Kandel, Spencer & Brinley, 1960) is similar to 
the direct cortical response obtained by stimulation of the surface of the 
cerebral cortex (Chang, 1952) even though the soma-dendritic organiza- 
tion is inverted. 

The simplicity of the cortical response following stimulation of the 
isolated pyramidal strand argues strongly against recurrent collateral 
activity measurable at the cortical surface. Once the stimulus intensity is 
just maximal for a, the response in the isolated strand is not altered either 
by a further increase of stimulus intensity or by repetition of the stimulus 
at frequencies between 0-2/sec and 500/sec (8 is obscured at very high 
frequencies by superposition of a). No late responses ascribable to re- 
current collaterals could be discerned, even in unparalysed preparations 
anaesthetized with pentobarbital sodium (see Purpura & Grundfest, 1956). 

The pyramidal tract of the cat contains two fibre populations (Brook- 
hart & Morris, 1948; Bishop, Jeremy & Lance, 1953; Lance, 1954), having 
mean conduction velocities of approximately 60 m/sec and 20 m/sec 
respectively. Both groups show a wide distribution of conduction velo- 
cities, the combined range being from about 8 m/sec to over 100 m/sec. 
Computed mean conduction rates of a and f in the present experiments 
(assuming a conduction distance of 5 cm and measuring latencies to peak 
voltages) were 55 m/sec and 17-25 m/sec respectively. The p component 
has a long duration and encloses a large time—voltage area compared with a. 
This makes the time to peak amplitude of f difficult to measure. Measure- 
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ment is most difficult in responses to isolated pyramidal strand stimulation, 
for 8 is then very small. The small size of 8 in such responses may result 
from greater injury to the smaller fibres during and after dissection. 

The 1 msec duration of a allows a fibre spectrum ranging over 12 ». On 
the other hand, the longer latency of the 1 msec duration 6 wave requires 
that the fibres mediating it should range less than 3 p, from smallest to 
largest. This calculation is based on the assumption that 6 is also of anti- 
dromic origin. It has been shown that the fibres producing 6 are distributed 
throughout the medial lemniscus. The capacity of b to follow high-frequency 
repetitive stimuli, its resistance to asphyxia (nearly equal to that of a), and 
its predominantly surface-positive configuration all suggest that 6 results 
from antidromic conduction along fibres lying outside the medullary — 
pyramids and projecting at least as far caudally as the level of theinferior 
olivary nucleus. The requisite fibres are 3-6 » in diameter and exist in 
abundance, for 6 has a greater amplitude than a. A possible alternative 
explanation for the relatively large size of b is that the b elements lie 
closer to the cortical surface than the a elements. Considerable anatomical 
study will be required to determine whether the b system is an ‘aberrant’ 
pyramidal tract (Winkler, 1927), a corticobulbar tract, or some long tract 
hitherto undefined. 

The records presented in this paper were obtained almost exclusively 
from a 4mm? patch of cortex centred about 1:8 mm posterior to the 
lateral tip of the cruciate sulcus; this is in arm area I of the sensorimotor 
cortex. Similar responses have been recorded throughout the pericruciate 
cortex, the most significant variation being in the configuration of d, the 
late lemniscal wave. The density of cells whose axons project into the 
medullary pyramids is nearly as great in the postcruciate region, from 
which the illustrations were drawn, as in the precruciate cortex (Patton & 
Amassian, 1960). It is no surprise, therefore, to find that postcruciate 
a responses are as large as (or sometimes larger than) those recorded from 
sites rostral to the cruciate sulcus. 

The origin. of c is obscure. It has some attributes of an antidromic 
response. Although c disappears at low rates of stimulus repetition, it is 
almost as resistant to asphyxia as is b. In some experiments c is lacking. 
When present, it takes any of several configurations. Its duration is 
sometimes surprisingly short for such a late potential. Often, the time rate 
of change of voltage is as great for c as for a. Such extreme synchrony in 
a synaptic system would be remarkable. 
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SUMMARY 


1. The electrical response recorded at the surface of the pericruciate 
cortex following stimulation of the ventral brain stem at the level of the 
medullary pyramids has been analysed in the cat. Various methods have 
been employed to differentiate the different components of the cortical 
response. 

2. The observations showed that three components were produced 
because current spread beyond the pyramidal tract and excited other fibre 
systems. 

3. The pyramidal tract was then dissected free from adjacent tissue, 
except at its rostral end, and stimulated with minimal current spread 
outside the strand. The resultant response of the cortex consisted of a 
surface-positive ‘spike’ followed by a longer-duration, smaller, positive 
wave. This is the pyramidal antidromic response; nothing more depends 
upon antidromic pyramidal tract activity. 

4. The additional potential changes that are present when the intact 
pyramidal tract is stimulated result from excitation of elements outside the 
medullary pyramids; these additional components were produced without 
the antidromic pyramidal response by stimulation of the brain stem after 
complete removal of the bulbar pyramidal tract. 


This investigation was supported by a grant, (B396) from the National Institute of 
Neurological Diseases and Blindness, Department of Health, Education and Welfare and 
a grant from the State of Washington Research Fund for Biology and Medicine. 
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THE ACTION OF POSTERIOR PITUITARY HORMONES AND 
OESTROGENS ON THE VASCULAR SYSTEM OF THE RAT 


By SYBIL LLOYD ann MARY PICKFORD 
From the Department of Physiology, University of Edinburgh 


(Received 29 August 1960) 


In two recent papers (Lloyd, 1959a, b) it was shown that the vascular 
responses of the rat to oxytocin and vasopressin varied with the concen- 
tration of ovarian hormones in the body. For example, oxytocin was 
dilator in the dioestrous rat, though without effect on the blood pressure, 
while in the oestrous animal, during late pregnancy, or after ovarian 
hormone administration, oxytocin was pressor and constrictor. It was not 
known how far this reversal of effect was due to an altered state of the 
peripheral vasculature, or how far central mechanisms were involved. 
Since peripheral vasodilatation is one of the consequences of the adminis- 
tration of oestrogen, it was of interest to test the effect of other dilator 
substances on the response to oxytocin and vasopressin in the rat, and for 
this purpose infusions of histamine, acetylcholine, isoprenaline and 
5-hydroxytryptamine (5-HT) were used. In addition, procedures such as 
pithing, decerebration, and the administration of autonomic blocking 
agents were used to determine whether reduction of vasomotor tone would 
affect the responses to posterior pituitary hormones, and to discover if 
any part was played by the central and peripheral nervous systems. 


METHODS 


All experiments were made on rats of approximately 200 g body weight. Anaesthesia, 
injection of drugs, and recording of blood pressure were effected by the methods previously 
described (Lloyd, 1959a, b). The stage of the reproductive. cycle was checked in all females 
by vaginal smears stained with Leishmann stain. All drugs were dissolved in NaCl solution 
0-9 g/100 ml. Single intravenous injections were made up to a-volume of 0-3 ml.; intra- 
venous infusions were made into a cannulated femoral vein, at a rate of 0-05 ml./min. 
Autonomic blocking agents were either given intravenously during the experiments, or 
subcutaneously 2-3 hr before observations were begun. In experiments in which rats were 
pre-treated with an oestrogen, stilboestrol dipropionate was used, given in a dose of 
3-5 wg/100 g 24 hr before observations were made. 

The oxytocin used was the synthetic brand Syntocinon (Sandoz). Previous experience 
showed that the actions of Syntocinon were identical with those of purified oxytocic extracts 
of the posterior pituitary (Brooks & Pickford, 1958; Nixon & Smyth, 1957). The vasopressin 
was either Parke Davis’s Pitressin or du Vigneaud’s highly purified arginine vasopressin. 


The bretylium tosylate (Darenthin) was supplied by the Wellcome Research Laboratories, 
i] PHYSIO. CLV 
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and the 5-hydroxytryptamine (as Serotonin creatinine sulphate) by Abbott Laboratories. 
The reserpine was the Ciba product Serpasil, and the ergot preparation Dihydroergotamine 
(Sandoz). Histamine was used in the form of the acid phosphate (British Drug House). 
The dibenamine solution was prepared by the method of Dekanski (1952). 


RESULTS 
The effect of infusion of dilator substances 

The vasodilator substances used were acetylcholine, isoprenaline, 
histamine and 5-hydroxytryptamine. The doses and results are summarized 
in Table 1. All dilator drugs were administered by slow intravenous 
infusion lasting approximately 30 min, and the responses to oxytocin and 
vasopressin were tested before, during and after the infusions. The general 
blood pressure was lowered by as much as 20 mm Hg by infusion at the 
higher concentrations, though with the smaller doses any depressor action 
was temporary. In eleven experiments on dioestrous females up to 


TABLE 1. The effect of intravenous infusions of vasodilators 
on the response to oxytocin 


Effect of oxytocin on blood pressure 


Total ‘ 
Substance infused no. of . Pressor before, during No effect before, during 
(ug/min) rats and after infusions or after infusions 
Acetylcholine 6 2 (F, oestrous) 4 (3F, dioestrous, 1M) 
0-05—1-0 
Isoprenaline 7 2 (F, oestrous) 5 (2F, dioestrous, 3M) 
0-02-1-0 
5-HT 0-5-1-0 5 1 (F, oestrous) 4 (4F', dioestrous) 
Histamine 7 q 1 (F, oestrous) 3 (2F, dioestrous, 1M) 
2-5-5-0 


F = female; M = male. 


100 m-u. oxytocin had, as expected, no effect on the blood pressure before 
infusion of a dilator substance, and it was found that no pressor response to 
oxytocin appeared either during or for 2 hr after infusion of any of the 
dilator agents (Fig. 1A). In five experiments on normal males similar 
results were obtained; that is, no pressor response to oxytocin was ob- 
served before, during or after infusions of any of the vasodilator sub- 
stances. The effect of the infusions on the response to vasopressin was also 
tested in most of these animals, and in no instance was the magnitude of 
the pressor response altered. 

In six oestrous rats, in which a pressor response to oxytocin was present 
before infusion, the size and duration of this effect were unaltered by any 
of the dilator drugs (Fig. 1B). For example, 50 m-u. oxytocin raised thu 
blood pressure by 10 mm Hg before, during and after the infusion of iso- 
prenaline. Similarly, though the pressor effect of vasopressin. was greater 
in this group of animals than in the dioestrous females or males, the size 
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of the response was unchanged by the infusions. Thus, if 0-2—0-3 m-u. 
vasopressin increased the blood pressure by 10 mm Hg before infusion, it 
raised it to the same extent during and after the infusion. 


1 2 


130 


L110 


B.P. (mm Hg) 


130 


L 110 


Fig. 1. The effect of 50 m-u. oxytocin on the blood pressure of (A) the dioestrous 
and (B) the oestrous rat, (1) before, (2) during, and (3) after the intravenous 
infusion of isoprenaline, 0-05 yzg/min for 30 min. Time marker, 30 sec. 


The effect of surgical interference with the nervous system 


Pithing. Twenty-three rats were pithed after the normal responses to 
oxytocin and vasopressin had been established. The animals were main- 
tained on artificial respiration. The results are summarized in Table 2. 
In eight dioestrous females and four males oxytocin initially had no effect 
on the blood pressure, but after pithing all save two (both dioestrous 
females) showed a pressor response (Fig. 2A). The magnitude of the 
pressor response was variable, but it was usually of the order of a 10- 
20 mm Hg’ rise for a dose of 50 m-u. oxytocin, and in most cases the 
response lasted for 4 min or more. The reason for the lack of response after 
pithing in-the two females was not apparent. Of the eleven rats initially 
showing a pressor response to oxytocin, either because they were in oestrus 
or had been treated with stilboestrol, seven gave an exactly equal pressor 
response after pithing. The remaining four showed an enhanced rise in 
blood pressure to similar doses of oxytocin (Fig. 2B). The action of vaso- 
pressin was also tested in twenty of the animals. In all but five (three 


oestrous and two dioestrous females) the pressor response to vasopressin 
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was increased. In the five exceptions the magnitude of the pressor 
response was similar to that seen before pithing. 
In all the pithed rats the general blood pressure was between 40 and 
60 mm Hg. That the appearance of the pressor response to oxytocin was 
not due solely to this low level was shown in two males and four dioestrous 


TABLE 2. The effect of pithing on the response to oxytocin 


Effect of oxytocin 
No. after pithing 

Effect of oxytocin on blood pressure of 

_ before pithing rats. Pressor Noeffect | 
-Pressor 
Oestrous females 6 6 — 
Stilboestrol-treated males 5 5 — 
No effect 

Dioestrous females 8. 6. 2 
Normal males 4 4 — 


o 


(mm Hg) 


8 


Fig. 2. The effect of 50 m-u, oxytocin on the blood pressure of (A) the dioestrous 
and (B) the oestrous rat, (1) before and (2) after pithing. Time marker, 30 sec. 


females, to which intravenous infusions of either vasopressin or nor- 
adrenaline were given to restore the blood pressure to the levels which had — 
been observed before pithing. In all cases oxytocin was still pressor both 
during and after the infusions, though no pressor effect had been present 
before the animals were pithed (Fig. 3). 

Vagotomy. Bilateral cervical vagotomy was carried out during obser- 
vations on a total of thirty-one rats. The results are given in Table 3. Of 
thirteen dioestrous females, normally showing no pressor response to 


ig 
fa 
"3 
7 
140 4 
q 70 
A 
4 
if } 
4 
| 50 
E 
wa 
70 a. 
| 
1 
é 
4 
f 
J) 
| 
| 
‘ 
| 
q 


OXYTOCIN AND OESTROGEN ON CIRCULATION 165 


P oxytocin, & pressor response appeared in six after bilateral vagotomy, the 

remaining seven still showing no increase in blood pressure. Of two normal 
l males, & pressor response to oxytocin occurred in one after vagotomy. In 
poe all cases where a pressor response to oxytocin developed after section of 


the vagi, this was of the order of a 10-20 mm Hg rise for a dose of 50 m-u. 
oxytocin. In the twelve females normally showing a pressor response to 


Fig. 3. The effect of 50 m-u. oxytocin on the blood pressure of the dioestrous rat, 
(A) before and (B) after pithing, and (C) during the infusion of Pitressin 0-5 m-u./ 
min after pithing. Time marker, 30 sec. : | 


TABLE 3. The effect of bilateral cervical vagotomy on the 
response of the rat to oxytocin 


Total Response to oxytocin after section 
no. of 7 A 
Before section of vagi rats Unchanged Increased Decreased 
Oxytocin pressor 
Female oestrous or pregnant 12 9 2 ] 
Stilboestrol-treated male 4 3 l —- 
Oxytocin no effect Pressor No effect 
Female dioestrous 13 6 7 
Normal male 2 1 1 


; oxytocin (in oestrus or late pregnancy) this pressor response was un- 
altered by nerve section in nine, increased in two, and reduced in one. In 
four males pre-treated with stilboestrol the pressor response was-unaltered 
in three after vagotomy, and increased in the fourth. 

Decerebration was carried out on four female rats. Of these two were 
in oestrus and showed the typical pressor response to oxytocin, while the 
other two were dioestrous and their blood pressure was unaffected by. 
50 m-u. oxytocin. After decerebration the two oestrous rats continued to 
give an unchanged pressor response to oxytocin. The two dioestrous rats 
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developed a pressor response of 10-20 mm Hg following a dose of 50 m-u. 
oxytocin. In all four rats the response to vasopressin was increased by 
50-60%. 


The effects of autonomic blocking agents 


Since crude surgical procedures such as decerebration, pithing, and vago- 
tomy could alter the response to oxytocin, it was decided to use a variety 
of autonomic blocking drugs in the hope of determining which part of the 
autonomic nervous system was of particular importance in this effect. 
Both ganglionic and peripheral blocking agents were used, and were 
usually administered intravenously during the course of an experiment, 
_ after the normal response to posterior-lobe hormones had been deter- 
mined. In some cases the blocking agents were given subcutaneously 
several hours before the observations were begun. The results of this series 
of experiments are summarized in Table 4. 


TaBLE 4. The effect of autonomic blocking agents on the response to oxytocin 
No. of rats Effect before block Effect after block 


during experiment F Pressor No effect Pressor No effect 
Dihydroergotamine 6 1 2 5 7 0 
Bretylium 4 1 1 4 q l 
Dibenamine 6 0 2 4 5 l 
TEA 7 2 5 4 9 0 
Atropine 10 3 4 9 4 9 

Blocking agent given before experiment 
Dihydroergotamine 4 0 — — 4 0 
Bretylium 4 0 _ _ 4 0 
Reserpine 6 2 8 


F = female; M = male. 


Dihydroergotamine. Dihydroergotamine, 0-05-0-1mg, was injected 
intravenously into seven rats. After an initial abrupt fall the blood pressure — 
always returned to slightly below the original level. That the dose given 
was adequate in all cases was shown by the reversal of the pressor response 
to injected adrenaline, and the abolition of the pressor response to tyramine. 

In four dioestrous and one male tat, in which 50 m-u. oxytocin had 
initially no effect on the blood pressure, this dose produced a rise in blood 
pressure of 5-14 mm Hg in all animals after intravenous dihydroergot- 
amine. In all cases the pressor response to vasopressin was increased by 
30-50% over that previously seen (Fig. 4). For example, in one animal 
0-8 m-u. vasopressin raised the blood pressure by 10 mm Hg before the 
block, and by 15 mm Hg after blocking. The change in the responses was 
apparent as soon as the general blood pressure had become steady after 
the administration of the blocking agent (5-15 min), and the magnitude 
of the responses did not vary over the period of 2-24 hr during which they 
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were observed. In two other dioestrous females the effect of oxytocin on 
the mesenteric vessels was observed before and after dihydroergotamine. 
In both animals a dose of 50 m-u. oxytocin, given intravenously, was 
dilator to the small mesenteric vessels before blocking, and constrictor 
after blocking. 

In twu oestrous rats the pressor response to oxytocin was unaffected by 
the blocking agent. In both these animals the pressor response to vaso- 
pressin was somewhat increased, 0-4 m-u. giving a rise of 10 mm Hg in 
both animals before dihydroergotamine, and 14 and 15 mm Hg respec- 
tively after blocking. These effects persisted for at least 2 hr after the 
development of the block. 


B.P. (mm Hg) 


Fig. 4. The effect of 0-8 m-u. Pitressin on the blood pressure of the dioestrous rat, 
(A) before and (B) after 0-1 mg dihydroergotamine intravenously. Time marker, 
30 sec. 


In four females 0-2 mg dihydroergotamine was injected subcutaneously 
2-3 hr before the start of the experiment. Of these four three were 
dioestrous and would not normally have been expected to give a pressor 
response to oxytocin, while the fourth was in an advanced stage of preg- 
nancy, when a pressor response would normally have been obtained. In all 
four animals a pressor response to oxytocin was present at the time of | 
observation, 50 m-u. raising the blood pressure by 10-15 mm Hg, and 
there was a depressor response to injected adrenaline, showing that the 
dose of dihydroergotamine had been sufficient. 
 Bretylium tosylate. Bretylium tosylate, 1-2 mg, was injected intra- 

venously into each of five rats in which the normal responses to vaso- 
pressin and oxytocin had been established. The blood pressure responses 
were tested at intervals for 2-2} hr after the administration of the blocking 
agent. 

In three dioestrous females and one normal ali oxytocin was, as 
expected, without effect on the blood pressure before blocking. After 
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bretylium the blood pressure rose 10-15 mm Hg following a dose of 50 m-u. 
oxytocin in two of the females and the male (Fig. 5A). The interval be- 
tween the time of edministration of the blocking agent and the ap- 
pearance of the pressor response was variable, lying within the range of 
5-60 min. The other female was exceptional in that no pressor response to 
oxytocin had developed when the experiment was concluded 2 hr after the 
bretylium administration. In only one animal was the magnitude of the 
_ pressor response to vasopressin increased, and in that animal the increase 


130 


110 


(mm Hg) 


130 


110 


Fig. 5. The effect of 50 m-u. oxytocin on the blood pressure of (A) the dioestrous 
and (B) the oestrous rat, (1) before and (2) after 1 mg bretylium tosylate intra- 
venously. Time marker, 30 sec. | 


was of questionable significance, since 0-8 m-u. vasopressin raised the 
blood pressure by 10 mm Hg before bretylium was given, and by 13 mm 
Hg afterwards. In the one oestrous female tested the pressor responses to 
both oxytocin and vasopressin were unaltered for 2 hr after bretylium 


was given (Fig. 5B), 30 m-u. oxytocin or 0-4 m-u. vasopressin raising the 


blood pressure by 10 mm Hg throughout, the experiment. 

Of four rats in which bretylium (2 mg) was injected subcutaneously 
2+ hr before the start of observations, all gave pressor responses to 
oxytocin. Of these four, two were in the dioestrous state, one in oestrus, 
and one in late pregnancy. In two of these animals (one oestrous and one 
dioestrous) a marked response to the injection of 0-9°% NaCl solution was 
noticed; in the former a rise in blood pressure occurred and in the latter 
a fall in pressure. These volume responses interfered with the assessment 
of the results of injection of test drugs. A similar difficulty was not 
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encountered in those experiments in which bretylium was given intra- 
venously during the course of the experiments. 

Dibenamine. Dibenamine was administered intravenously during 
observations on six rats, in 2 or 3 doses of 200 pg at 10 min intervals 
(Dekanski, 1952). In all but one animal the response to intravenous 
adrenaline was abolished for the remainder of the experiment. 

In four dioestrous rats 50 m-u. oxytocin had, as usual, initially no 
pressor action, In three of these animals the administration of dibenamine 
caused the appearance of a pressor response to the same dose of oxytocin. 
In the fourth this dose was still without effect. This was the rat in which the 
response to adrenaline was not abolished by dibenamine; presumably the 
block was ineffective, though the dose was the same as that which proved 
adequate in the other animals. In the three rats in which a pressor response 
to oxytocin appeared after blocking, the pressor response to vasopressin 
was increased. For example, in one animal 0-6 m-u. vasopressin raised the 
blood pressure by 10 mm Hg before blocking, and this same degree of 
elevation was regularly produced by only 0:3 m-u. after blocking. In two 


_ oestrous females the rise in blood pressure of 10 mm Hg following 50 m-u. 


oxytocin or 0-4_m-u. vasopressin was unaltered by the administration of 
dibenamine. | 
Tetraethylammonium iodide (TEA) (4-8 mg) was administered intra- 
venously to each of nine rats while the blood pressure was recorded. The 
immediate response to the drug was variable; a rise in blood pressure, a 
fall, or no change being recorded, probably depending on the size of dose 
and speed of injection. In four rats in which there was initially no pressor 


response to oxytocin (two males and two dioestrous females) the adminis- 


tration of TEA resulted in the appearance of a pressor response to oxy- 
tocin, though in two cases (one male and one female) this was small, 
50 m-u. giving a rise of only 6 mm Hg. In all four the pressor response to 
vasopressin was increased. In five oestrous or stilboestrol-treated rats 
oxytocin was pressor both before and after TEA administration; in two 
out of the five the size of the pressor response to both oxytocin and vaso- 
pressin was increased, and in three out of the five the pressor responses to 
both hormones were unchanged in either magnitude or duration. 
Atropine. Atropine was injected intravenously into each of thirteen rats, 
the dose used (1-2 mg) being sufficient to block all depressor responses to 
injected acetylcholine. In six dioestrous females and three normal males 
oxytocin had no effect on the blood pressure either before or after atropine 
administration, while the pressor response to vasopressin remained un- 
changed. In four oestrous females the pressor response to both oxytocin 
and vasopresin was unaltered by atropine. It was also noted that such 
treatment. with atropine did not prevent the development of a pressor 
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response to oxytocin if sympathetic blocking agents were later administered 
(five rats). 

Reserpine. Since Burn & Rand (1958) have shown that in certain circum- 
stances blood vessels which have lost their stores of noradrenaline are 
unable to contract normally, it was decided to see whether pre-treatment 
with reserpine would prevent the development of a pressor response to 
oxytocin. Eight rats (six female and two male) were treated with 0-5 mg 
reserpine subcutaneously daily for 2-4 days. On the day following 
cessation of treatment the response to oxytocin was tested. In all the 
animals oxytocin had a pressor action, 50 m-u. raising the blood pressure 
by 10-25 mm Hg, though all females showed dioestrous vaginal smears 


2 3 


110 


B.P. (mm Hg) 


Fig. 6. The effect of (A) 0-02 mg tyramine, and (B) 50 m-u. oxytocin on the blood 
pressure of the reserpine-treated rat. (1) Before infusion of noradrenaline, 
(2) during infusion of noradrenaline 0-05 yg/min, (3) 30 min after end of infusion. 
Rats treated with two consecutive daily doses of 0-5 mg reserpine subcutaneously. 
Time marker, 30 sec. 


during administration of reserpine and on the day on which the blood 
pressure was observed. The intravenous infusion of noradrenaline at rates 
of 0-05-2-0 ng/min for 30-40 min did not alter the pressor response to 
oxytocin (Fig. 6B), though it did increase the pressor response to tyramine 
(Fig. 6A). In all the animals the pressor response to vasopressin tended to 
be greater than in normal dioestrous animals, e.g. 0-4—0-5 m-u. raised the 
blood pressure by 10 mm Hg, as compared with an average of 0-6—0-8 m-u. 
necessary for inducing the same degree of raise in the normal dioestrous 
rat. Two female rats were treated with reserpine for two days, and 
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stilboestrol (3-5 ~g/100 g) given subcutaneously on the second day. On the 
following day, when observations were made, it was found that oxytocin 
was pressor in both, 50 m-u. raising the blood pressure by 10 and 13 mm Hg 
respectively; that is, stilboestrol and reserpine showed no mutual 
interference. 


Infusion of dilator agents during sympathetic blockade 
Since it was found, as described above, that the infusion of vasodilator 
substances to dioestrous rats did not cause the appearance of a pressor 
response to oxytocin, though dilatation and fall in blood pressure induced 
by sympathetic blocking agents did so, it was of interest to determine 
whether the infusion of dilators after sympathetic blockade would affect 
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(mm Hg) 


P 


110 


Fig. 7. The effect of 50 m-u. oxytocin on the blood pressure of the dioestrous rat 

after 0-1 mg dihydroergotamine intravenously. (A) Before infusion of isoprenaline, 
_ (B) during infusion of isoprenaline 0-02 yg/min, and (C) after infusion of iso- 

prenaline. Time marker, 30 sec. 


the pressor action of oxytocin. Six rats were given infusions of isoprenaline 
or acetylcholine after sympathetic blockade with bretylium or dihydro- 
ergotamine, and the effects of oxytocin and vasopressin tested before, 
during and after the infusions. In five animals the pressor response to 
oxytocin was reduced during the infusions, with recovery of the normal 
pressor response after the infusion had ended and the blood pressure had 
returned to its previous level (Fig. 7). In one animal the response to 
oxytocin was completely abolished during the infusion of isoprenaline 
after the administration of dihydroergotamine, but was again present 
after the infusion ended. The pressor response to vasopressin was similarly 
reduced during the infusions in all these experiments. 
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DISCUSSION 


Previous results have been regularly confirmed, that oxytocin is a vaso- 
dilator without effect on blood pressure in dioestrous female and in male 
rats, whereas it is constrictor and pressor in oestrogen-treated dioestrous 
females, oestrous females, in late pregnancy; and in males treated with 
oestrogen with or without the addition of progesterone (Lloyd, 19592, b). 
The present experiments have further shown two things. First, that a low 
blood pressure and dilated peripheral vasculature do not of themselves 
cause small doses of oxytocin to become pressor and constrictor, since 
without exception oxytocin did not raise the blood pressure of dioestrous 
or male rats during the infusion of a variety of vasodilator agents. Nor 
when the low blood pressure of pithed rats was raised with vasoconstrictors 
did oxytocin act as a vasodilator. It is, however, possible to reduce or 
abolish the constrictor response to both oxytocin and vasopressin by 
extreme vasodilatation, such as can be produced by the infusion of a vaso- 
dilator after the administration of a sympathetic blocking agent. Secondly, 
it has been shown that the nervous system plays an important role in the 


maintenance of the dilator response to oxytocin. Since atropine did not | 


alter the existing response to oxytocin, whatever that response might be, 
and did not prevent a change in response induced by other means, it is 
concluded that cholinergic nerves are not involved. On the other hand, 
interference with other parts of the autonomic nervous system always 
converted a dilator action of oxytocin to a pressor one, whilst leaving 
untouched an already developed pressor response. Thus, surgical methods 
(pithing and decerebration) which left the post-ganglionic neurones intact 
caused oxytocin to become a pressor substance. That decerebration as well 
as pithing was effective suggests the importance of higher centres in the 


nervous system. Bilateral cervical vagotomy was sometimes effective, | 


probably because in the rat it is difficult to divide the vagus nerves without 
datnage to cervical sympathetic fibres. Drugs were used to block different 
parts of the peripheral autonomic nervous system in an attempt to deter- 
mine the pathways of the central control. Again, oxytocin became 
constrictor following the administration of any sympathetic blocking 
agent, whether the block lay in ganglia or in a part or the whole of the 
sympathetic nervous system. It was interesting that reserpine caused 
oxytocin to become a pressor substance and vasopressin to be somewhat 
more active than in normal dioestrous rats. Thus, even this type of inter- 
ference with the sympathetic nervous system brought out the constrictor 
property of oxytocin. That these varied peripherally-acting drugs, with 
presumably little or no central action, convert the dilator action of oxy- 
tocin to a constrictor one suggests that whatever influence the central! 
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nervous system exerts is transmitted directly through the peripheral 
nerves, and is not dependent on any unknown indirect neurohumoral path. 
For the present, the following suggestion is put forward to account for the 
facts ; that oxytocin, though feeble in its action, like vasopressin contracts 
the smooth muscle of blood vessels, but that with an intact sympathetic 
nervous system a@ diminution of constrictor tone more than compensates 
for the direct vasoconstriction, unless large doses of oxytocin are used 
(van Dyke, Adamsons & Engel, 1955). This means one of two things: that 
intravenously administered oxytocin has a central indirect as well as a 
peripheral direct action on the vascular system, or that oxytocin given 
intravenously allows time for centrally initiated homoeostasis. Little 
information is at present available to permit a choice between these 
possibilities, except that after oxytocin homoeostasis is curiously and im- 
perfectly achieved in that small blood vessels can be shown to dilate in 
both rat and man, and in man blood pressure is maintained by an increase 
in cardiac output (Kitchin, Lloyd & Pickford, 1959). This perhaps points 
to a central action of oxytocin, 

Another interesting fact is the liehdinitee found between the results of 
administration of oestrogens and of denervation, whether surgical or 
chemical. Probably the peripheral vasodilator action of oestrogens is not 
the cause of the change in response to oxytocin following ovarian hormone 
treatment, since other dilator agents do not induce the appearance of such 
a change. The possibility must therefore be considered that oestrogens can 
depress sympathetic nervous activity or block the hypothetical central 
dilator action of oxytocin, thus unmasking the peripheral constrictor effect. 
Further experiments are needed to miveanigete this possibility and its 
implications. 


SUMMARY 


i. The blood pressure responses of rats to oxytocin and vasopressin 
were studied during the infusion of vasodilator substances, and after 
surgical or chemical interruption of autonomic nervous pathways. 

2. None of the vasodilators tested altered the responses to the POMeeioe: 
lobe hormones. 

3. On ten out of twelve occasions following pithing or decerebration in 
the male or dioestrous rat oxytocin, which normally did not affect the 
blood pressure, acted as a pressor substance. The pressor response persisted 
even when the blood pressure was raised by infusion of vasoconstrictor 
substances. In most instances the pressor response to oxytocin was ac- 
companied by an increased sensitivity to the pressor action of vasopressin. 

4. Similar changes in response were seen after ganglionic or i 
sympathetic blockade, but not after atropine. 
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5. It is suggested that the smooth muscle of the vascular system is 
caused to contract by a direct action of oxytocin, and that the absence of 
any change in blood pressure and the vasodilatation seen in dioestrous and 
male rats is due to an overriding central activity. 

6. The similarity of action of oestrogens and of sympathetic blockade on 
the responses of the rat to oxytocin are discussed. 
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ON THE NATURE OF VIBRATION RECEPTORS IN 
THE HIND LIMB OF THE CAT 
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(Received 21 September 1960) 


Hunt & McIntyre (1960) recently investigated the conduction velocity 
and receptor characteristics of afferent fibres in the nerves to flexor longus 
digitorum (FLD) and to the associated interosseous region of the cat. 
A considerable number of fibres in this interosseous nerve showed discharge 
to vibratory stimuli applied to the tibia or fibula. The receptors of many 
such fibres were extremely sensitive, responding to remotely induced 
vibration such as that produced by slight j jarring of the: floor or by light 
stroking of the skin of the lower limb. 

The present report concerns a study of the type of receptor related to the 
_ fibres showing responses to vibration. The receptors will be shown to be 
Pacinian corpuscles. A large number of such corpuscles lie, in close 
association with the periosteum, along the tibia, near the interosseous 
membrane. Evidence will be presented suggesting that Pacinian corpuscles 
are concerned with vibration sensibility. 


METHODS 


Adult cats were anaesthetized with sodium pentobarbital (Nembutal; Abbott Labora- 
tories). The region from popliteal fossa to calcaneus was exposed by a longitudinal incision 
and the gastrocnemii, soleus and plantaris muscles were removed. The interosseous nerve 
was identified and traced distally. It courses between the medial and lateral heads of 
FLD, then through the lateral head of FLD, to run alongside the tibia just dorsal to the 
interosseous membrane. In order fully to expose the interosseous nerve and the inter- 
osseous membrane, the lateral head of FLD was carefully removed. This stage of the 
dissection was carried out with a stereomicroscope, at a magnification of 7 to 20 times. 
Exposed tissues were covered by a pool of paraffin oil. Afferent discharge was recorded from 
Pacinian corpuscles in the following ways: from fibres in the interosseous nerve, from dorsal 
root filaments containing single fibres from the interosseous nerve, or from nerve fibres from 
individual corpuscles. In certain experiments afferent discharge was recorded from the 
sural nerve or the muscle nerve to the medial head of FLD. For recording, fine platinum- 
iridium electrodes were used, the potentials being amplified and displayed on a Tektronix 502 
oscilloscope. Vibration was provided by an earphone with a glass stylus attached to the 
diaphragm; this was driven by a sine-wave oscillator of variable frequency and amplitude. 
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RESULTS 


Exposure of the interosseous nerve along the lateral surface of the tibia 
revealed a large number of translucent corpuscles. Nearly all were bound 
by connective tissue to the tibia but some were occasionally found lying in 
muscle. More distally, near the ankle joint, a cluster of six to eight 
corpuscles was usually found, some of which abutted against the lower 
surface of the fibula. The corpuscles appeared to be more intimately bound 
to the periosteum than to the interosseous membrane, although some 

connective tissue strands were present between the latter and some of the 
- corpuscles. No detailed measurements of the number or the dimensions of 
these corpuscles have yet been made. However, it is estimated that there 
may be 40-50 associated with the interosseous nerve. They are very similar 
in appearance to the Pacinian pas in the mesentery, and at least as 


Text-fig. 1. Discharge, in response to vibration, recorded from single afferent fibre 

from a Pacinian corpuscle located adjacent to the tibia. Upper trace, nerve 

impulses; lower trace, frequency of vibration applied to corpuscle. Final frequencies 
, (c/s): A 90, B 102, C 180, D 550, H 650, F 700, G 1000. Time marker, 10 msec. 


large. A photograph of the corpuscles in situ is shown in Pl. 1A. Some can 
be seen to be closely bouid to the tibial periosteum. Such corpuscles could 
be dissected away from the periosteum by incision of a connective tissue 
envelope. A number of these corpuscles were excised and fixed in osmium 
tetroxide (1°). On cross-section, the typical laminar structure and central 
axon of Pacinian corpuscles were seen, their appearance being similar to 
mesenteric corpuscles (Quilliam & Sato, 1955, and others). 

Several corpuscles were isolated, together with their afferent nerve 
fibres, and completely freed from surrounding tissue. The response of one 
such isolated corpuscle to vibratory mechanical stimulation is shown in 
Text-fig. 1. Even large-amplitude vibration of less than 85 c/s failed to 
evoke discharge. However, as the frequency of the sinusoidal vibration 
was increased, afferent impulses were found to follow each cycle of vibration 
in a 1:1 ratio over a frequency range from 90 to 600 ¢/s. Since this is the 
same frequency response as that found by Hunt & McIntyre (1960) when 
recording from afferent fibres of vibration receptors from the same region, 
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the latter may be identified as Pacinian corpuscles. In a number of 
corpuscles from the interosseous region the lower limit of effective fre- 
quency, at the amplitude of vibration used, varied between 40 and 90 c/s, 
the higher limit between 600 and 800c/s. A similar range of effective 
frequency is noted when recording from the entire interosseous nerve and 
applying vibration of variable frequency to the tibia (see Text-fig. 2). The 
ineffectiveness of low frequencies of mechanical vibration can be attri- 
buted to the rapid adaptation of these receptors and the need for a critical 
rate of change of movement for generation of an impulse (Gray & Matthews, 
19516). 

Phase relations and recruitment. The discharge recorded from the inter- 
osseous nerve in response to mechanical vibration applied to the tibia or 
fibula shows a considerable.temporal dispersion of action potentials 
associated with each cycle of vibration. Text-figure 2 shows the response 
recorded from an interosseous nerve to mechanical vibration of bone at 
several frequencies. It may be noted that the dispersion becomes less as 
the frequency is increased. A clearer view of the phase difference in the 
responses of corpuscles to mechanical vibration may be seen by recording 
from a branch of the interosseous nerve supplying only a few corpuscles. 
Text-figure 3 illustrates the response recorded from such a branch when 
_ vibration at 200 c/s of varied amplitude was applied to nearby tissue. As 
the amplitude of vibration was increased, at the same frequency, units 
were recruited showing different temporal relations to the driving sine 
wave. Even when the amplitude of vibration was considerably above 
threshold, phase differences in the several units persisted. Such phase 
differences probably depend upon mechanical factors in transmission of 
vibration to the several corpuscles involved as well as threshold differences. 

Sensitivity. The extreme sensitivity of some vibration receptors has 
already been noted by Hunt & McIntyre (1960). Further observations on 
this aspect of the behaviour of these receptors were made in the course of 
the present study. In some fibres from Pacinian corpuscles apparently 
random discharges were noted in the absence of any applied stimulation. 
Recording at high gain from a sensitive microphone placed upon the 
experimental table revealed that each discharge from the receptor was 
associated with a slight, but detectable, shaking of the table transmitted 
through the floor (Text-fig. 4). Another interesting example of the marked 
sensitivity of some Pacinian corpuscles is provided by the following 
observation. A corpuscle was being driven at a frequency of about 500 o/s 
by a glass stylus attached to the electromechanical transducer, and the 
impulses, which occurred at the frequency of vibration, were monitored by 
a loudspeaker. When the sine-wave oscillator driving the transducer was 
turned off f the discharge continued at the same frequency, but stopped 
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abruptly when the output of the audio monitor was reduced. The sound 
associated with each impulse caused sufficient vibration to continue the 
discharge after driving of the transducer by the sine-wave oscillator was 

Vibration receptors in skin. In view of the role generally attributed to 
cutaneous receptors in vibration sensibility (see Discussion), the response 


to vibratory stimuli applied to the skin was studied by recording from — 


cutaneous afferent fibres. In the experiment illustrated in Text-fig. 5, 
recording electrodes were placed on the distal end of the cut main branch 


Fig. 2 | Fig. 3 


Text-fig. 2. Discharge recorded from entire interosseous nerve. Each record shows 
superimposition of several sweeps. Lower trace shows frequency of vibration (c/s): 
A 80, B 100, C 300, D 400. Time marker, 1 msec. 


Text-fig. 3. Recording from nerve branch to several Pacinian corpuscles. Amplitude 
of vibration at 200 ¢/s increased from above downward, indicated on lower trace. 
Note recruitment of units. ; 
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of the, sural nerve. This particular nerve innervated a region enclosed by 
the interrupted line. A stylus, attached to the electrical-mechanical 
transducer, was used to explore this region of skin point by point. Large- 
amplitude vibration at a frequency of 400 c/s applied anywhere in this 
area elicited discharge in the sural nerve which showed a 1:1 relationship 
to the driving frequency. However, when the amplitude of vibration was 
reduced sufficiently, a discharge in tempo with the frequency of vibration 
could be detected only at three points, marked a, b and c. Regions away 


Text-fig. 4. Upper trace; background discharge from a single fibre from a Pacinian 


corpuscle. Middle trace; vibration recorded by sensitive microphone. Below, 
time marker, | sec. | . 


from these three points showed no such response to either 200 or 400 c/s 
_ vibration of low amplitude. However, when the frequency was reduced to 
40 c/s, low amplitude vibration caused a discharge of impulses associated 
with each cycle from any position of the innervated area (Text-fig. 5). 
Points a, b and c were marked with Indian ink, after which a longitudinal 
incision was made medial to the border of the innervated area. The skin 
was then dissected free from underlying tissues and reflected laterally. 
Needles were inserted through the points a, 6 and c until their tips were 
visible on the inner surface of the skin. With a dissecting microscope a 
search was made for Pacinian corpuscles over the entire innervated area. — 
In close proximity to point a a large corpuscle was found. Similarly a 
corpuscle was closely adjacent to point b, and at c two corpuscles were 
found to lie side by side (Pl. 1B). Only one other corpuscle was seen; this 
was located at a point several millimetres medial to a. In view of the 
difficulties of detecting responses in single afferent fibres when recording 
from. the whole sural nerve the failure to detect this focus of sensitivity to 
vibration at the site of one corpuscle is not surprising. The close corre- 
spondence between the foci of vibration sensitivity at points a, b and c, and 


the presence of Pacinian corpuscles at these sites suggests that reception of 
12-2 
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vibration in the range from 200 to 400 c/s may be conveyed exclusively in 
the skin of cat by such corpuscles. 

Responses from muscle. Muscle stretch receptors were found by Echlin & 
Fessard (1938) to respond to vibration when the muscle was stretched. 
Kuffler, Hunt & Quilliam (1951) noted that discharge from muscle spindle 
receptors could follow the frequency of a tuning fork (112 c/s) placed 
against the belly of a muscle under tension. The responses to vibration of 
receptors in muscle have been re-examined with a view to determine their 
capacity to follow the frequency of vibration when the muscle was in its 
normal position, at resting length. For this purpose the medial head of 


Text-fig. 5. Above: distribution of foci from which discharge at 200 or 400 c/s to low- 
amplitude vibration could be detected in sural nerve (a, band c). Below: A, Upper 
record, discharge recorded in sural nerve to sinusoidal vibration at 200 c/s, applied 
to point a; lower trace, frequency of vibration. B, Upper trace, discharge recorded 
_ in sural nerve to vibration at 40 c/s to point X ; lower trace, frequency of vibration. 
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ibration, Stylus vibrating at 20 (A), 
Text-fig. 6. Responses of muscle receptors to vibration: Sty 
32 (B), 137 (C), and 200 (D) c/s applied to belly of FLD (medial head). Upper 
traces, discharge recorded in distal end of cut nerve to FLD; lower traces, frequency 
of vibration. 
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FLD was used, with its tendons left intact and the foot suspended freely 
in air. Recording electrodes were placed on the distal end of the cut muscle 
nerve and the stylus, attached to the electromechanical transducer, was 
placed against the belly of the muscle. The responses to varying frequencies 
of vibration are shown in Text-fig. 6. It may be noted that discharge 
accompanied each cycle of vibration at low frequencies (20, 32 and 137 c/s) 
but at a frequency of 200 c/s the discharge did not follow the vibratory 
stimulus. The majority of the mechanoreceptors in muscle appear unable 
to signal the higher frequencies of vibration, at least at resting muscle 
length, that can be followed readily by Pacinian corpuscles (see Discussion). 


DISCUSSION 


Although the Pacinian corpuscle has been studied by a number of in- 
vestigators (Alvarez-Bullya & de Arellano, 1953; Gray & Sato, 1953; 
Loewenstein, 1958, and others), its role in sensory reception by the animal 
has not been clarified. Earlier studies suggested that Pacinian corpuscles 
were concerned with pressure reception. The slowly-adapting discharge 
from receptors of afferent fibres in the plantar nerve was first considered to 
come from Pacinian corpuscles (Adrian & Umrath, 1929). However, Gray 
& Matthews (1951a) later showed that this discharge came from other 
receptors. They suggested that Pacinian corpuscles were concerned with 
the reception of transient mechanical events and not steady pressure. 
Discharge to constant pressure was recorded from isolated mesenteric 
corpuscles by Scott (1949) but this author found the corpuscle was much 
more sensitive to vibratory stimuli (Scott, 1949, 1951). Many Pacinian 
corpuscles are extremely sensitive to vibration, and a stylus pressing on the 
corpuscle might transmit spurious vibrations, giving an erroneous im- 
pression that there is a discharge in response to static pressuré. The 
demonstration by Gray & Matthews (19510) that a critical rate \of dis- 
placement is necessary to.evoke discharge, and the present experiments 
showing a lower limit of effective frequency of vibration, indicate that 
Pacinian corpuscles respond only to mechanical changes occurring at a 
sufficiently rapid rate. The adaptation of this receptor is so rapid that it 
_ cannot signal static pressure. It is, however, well suited to signalling of 
rapid mechanical changes such as vibration. 

When considering vibratory stimuli distinction must be made as to the 
frequency components of the movements involved. In the skin a number 
of receptors are capable of discharging with each cycle of a low-frequency 
sinuosidal vibration. To vibrations below 60 c/s most Pacinian corpuscles 
do not discharge, although both hair and touch receptors may discharge — 
with each cycle of movement. As frequency is raised above 60-70 c/s, 
discharge is evoked from Pacinian corpuscles as well as from other receptors, 
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but to vibration exceeding about 150 c/s the only known receptor in skin 
capable of following the frequency of vibration is the Pacinian corpuscle. 
In the region of skin innervated by the sural nerve in the cat these cor- 
_ puscles are few in number and dispersed. The location of such corpuscles 
has been shown to correspond to the only foci of sensitivity to low- 
amplitude vibration at 200 or 400 c/s. 

Muscle stretch receptors are known to respond to vibration, but they 
follow high frequencies only under critical conditions. Echlin & Fessard 
(1938) found that vibratory stimuli at frequencies up to 530 ¢ /s could evoke 
discharge in a muscle nerve of the cat at the frequency of vibration, but 
only when the vibration was applied to muscle under considerable 
external tension. These authors pointed out that the discharge from stretch 
receptors often occurred at some submultiple of the frequency of vibration 
and that alternation of discharge probably occurred in the multifibre 
discharge recorded from whole muscle nerves at the higher frequencies. Thus, 
discharge in a multi-fibre nerve which follows the highest frequency of 
vibration may not represent individual receptor discharge at that rate. This 
is supported by Pfaffman’s (1939) observations on vibration responses from . 
receptors in teeth recorded from single fibres and whole nerve. Echlin & 
_ Fessard (1938) observed that driving of the stretch receptor discharge at the 
vibrating frequency was most readily obtained when the receptor was 
already discharging, due to stretch, at a frequency near that of the applied 
vibration. Further, stretch receptors of muscles under low tension 
responded only to much lower frequencies of vibration, a fact confirmed in 
the present study. The stretch receptors concerned were probably muscle 
spindles (Kuffler et al. 1951). With a critical degree of stretch of such 
endings, sinusoidal vibration applied to the muscle may be expected to 
produce a recurrent mechanical change wherein the increment in 
deformation associated with each cycle may evoke an impulse. Similar 
considerations probably apply to a variety of mechanoreceptors. However, 
the range of frequencies that can be followed by muscle stretch receptors 
appears to be considerably less than in the case of Pacinian corpuscles and 
depends to a very great extent upon the presence of adequate stretch in 
the muscle. For these reasons alone muscle stretch receptors seem unlikely 
candidates for a major role in vibration reception by deep tissues. 

The present study has shown a large group of Pacinian corpuscles closely 
associated with the tibial periosteum. Their afferent fibres course centrally 
by way of the interosseous nerve branch associated with the FLD nerves. 
The responses recorded from these’ corpuscles are identical to those found 
in interosseous nerve fibres from vibration receptors (Hunt & McIntyre, 
1960). Such corpuscles are strategically located for sensing bone-trans- 
mitted vibration. The sensitivity of many of these corpuscles is so great 
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that very small vibrations transmitted through the skin and soft tissues 
readily evoke discharge. Pacinian corpuscles have also been found adjacent 
to tendons (Adrian & Umrath, 1929; Gray & Matthews, 19514), near joints 
(Skoglund, 1956), and in muscle (Hinsey, 1934). All such deeply located 
Pacinian corpuscles could play a significant role in the reception of vibration 


transmitted through the skeletal system. The Pacinian corpuscles have - 


been shown to follow vibratory stimuli up to a frequency of about 700- 
800 c/s. Discharge, intermittent with respect to each cycle of vibration, 
may occur up to 1000 c/s, but above this frequency no discharge is elicited. 
Of the known deep receptors in the limb the only one capable of responding 
to such high frequencies of vibration are the Pacinian corpuscles. 

The literature on vibration sensation in man is extensive and conflicting 
(for a review see Geldard, 1940) and cannot be considered in detail here. 
From the standpoint of possible receptor mechanism, the data from the cat 
suggest the Pacinian corpuscle as the most probable receptor, certainly 


if one considers frequencies in excess of 200 c/s. The location of such 


corpuscles in both skin and deep structures would explain both cutaneous 
and bone-transmitted vibration sensibility. The upper frequency limit of 
vibration sensibility in man is not clear. Newman, Doupe & Wilkins (1939) 


place it at 600-1000 c/s, dependent on location. This corresponds to the 


upper limit of the frequency range of Pacinian corpuscles. However, others 
have placed the upper limit of vibration sensibility in man at 10,000 c/s or 
more (Geldard, 1940). 

In man, foci of minimal threshold for ellvekion sensibility and points of 
sensitivity to pressure are said to coincide on the skin (Geldard, 1940). This 
could not be readily explained by assuming the Pacinian corpuscle is the 
responsible receptor. Clearly, the characteristics of Pacinian corpuscles, as 
observed in the cat, would not permit this receptor to subserve reception 
, of both vibration and static pressure. 

The frequency of vibration applied to skin or over bone in man can be 
sensed but the extent of frequency discrimination does not. appear to have 
been studied. It is of interest to compare the probable peripheral 
mechanisms of frequency discrimination by the auditory system to a 
vibration-sensitive system that might be subserved by Pacinian corpuscles. 
In the former case, topographical representation of afferent fibres in the 


cochlea is an important feature. The relative discharge in fibres from. 


adjacent regions of the cochlea provides significant information as to pitch, 
certainly at high frequencies of sound (Davis, 1957), although with sound 
- of low frequency and high intensity the discharge frequency in individual 
afferent fibres may be important (Katsuki, Sumi, Uchiyana & Watanabe, 
1958). In the case of vibration sensibility such as might be subserved by 
-Pacinian corpuscles, the detection of frequency probably depends exclu- 
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sively on the discharge frequency in afferent fibres from such receptors. 
Intensity might be signalled by the number of such fibres that are trans- 
mitting signals at the frequency of vibration. 

The significance of a sensory system extremely sensitive to vibration 
can only be surmised. Any mechanical event producing movement with 
components of sufficiently high frequency may be expected to evoke 
discharge in Pacinian corpuscles. This would occur in a wide variety of 
body actions such as accompany locomotion or when a limb makes contact 
with some object. This system is also sufficiently sensitive to allow the 
animal to sense very slight vibrations from external sources that are 
transmitted through the medium on which the animal is supported. The 
general role of such a sensing mechanism remains to be explored. The great 
sensitivity of Pacinian corpuscles to rapid mechanical stimuli, even when 
applied at a considerable distance, makes it necessary to consider the 
possible contribution of these receptors in a wide variety of experiments in 
which selective afferent input is sought. 


SUMMARY 


1. In an investigation of receptors sensitive to mechanical vibration in 
the hind limb of the cat a large number of Pacinian corpuscles have been 
found in close relation to the tibial periosteum. These corpuscles are often 
extremely sensitive to rapid mechanical stimuli. They respond to sinu- 
soidal vibration in the range from about 50 to 800 c/s. Their behaviour is 
similar to that previously recorded in afferent fibres from vibration — 
receptors in the interosseous nerve. 

2. Recording from afferent fibres from a number of tibial Pacinian 
corpuscles indicates that the impulses from different corpuscles vary in 
their phase relations to the sinusoidal vibration. The range of vibration 
frequency is generally similar. Increasing intensity of stimulatign recruits 


additional receptors. 


3. Low-amplitude vibration at 200 or 400 c/s applied to the skin evoked 
discharge at the frequency of vibration in the sural nerve only from discrete 
foci. Pacinian corpuscles were found to be located in close proximity to 
such foci. Vibration at lower frequency (40 c/s) evoked discharge from 
other cutaneous receptors. 

4. Response of muscle receptors to vibration was re-examined. With 
muscle at resting length discharge accompanied each cycle of vibration at 
lower frequencies (up to about 150 c/s) but failed to do so at higher 
frequencies (200 c/s and above). 

5. These results suggest that the only known receptor in the hind limb, 
in both skin and deep structures, that is capable of following high- 
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frequency vibration is the Pacinian corpuscle. The possible relation to 
vibration sensibility is discussed. 


This work was supported by a research grant (B 1320) from the National Institutes of 


Health, Public Health Service. 
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EXPLANATION OF PLATE 
A. Photograph of three Pacinian corpuscles ( + ) lying along tibia; note vessels running in 


_ tibial periosteum. Magnification x 30. 


B. Photograph of under surface of skin in sisal of Text-fig. 5. Note needle point 
marking point c, and two adjacent Pacinian corpuscles. Magnification about x 50. 
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THE THERMOELASTIC EFFECT OF CHANGE OF TENSION 
IN ACTIVE MUSCLE 


By R. C. WOLEDGE | 
From the Department of Physiology, University College London 


(Received 23 September 1960) 


In spite of the large amount of work done on the subject, the interpreta- 


tion of records of the heat produced in a muscle during an isometric twitch 


still remains somewhat doubtful. Immediately after the stimulus the rate 
of heat production is high, falling to a low value by the time the maximum 
tension is reached, but it then rises again as the tension falls (Hartree, 
1931). Thus some 30-35 % of the total heat is produced during relaxation, 
i.e. after the maximum tension has been passed. Does this heat production 
indicate that some chemical reaction occurs during relaxation? Some at 


~ least of this ‘relaxation heat’ must represent the mechanical potential 


energy lost by the muscle. Determination of the relaxation heat in a 
twitch is rather uncertain, because of the fact that the whole muscle does 
not relax simultaneously, so that the relaxation heat may be produced 
unevenly (Hill & Howarth, 1957). Nevertheless, Hartree (1931) obtained 
fairly precise figures for the total amount of relaxation heat. Consideration 
of these results shows that in an isometric twitch the mechanical potential 
energy degraded can account for only about half the heat produced during 
relaxation (Hill, 19536). It was shown, however (Hill, 1949, 1953c), that 
if all the mechanical potential energy was removed from the muscle by an 
ergometer release which gradually reduced the tension to zero, no relaxation 
heat was produced. This strongly suggested that the remainder of the 
relaxation heat also had a physical cause, and was directly related to the 
fall of tension. In fact, Hill (19536) showed that, in fully active muscle 
under a variety of conditions, a fall of tension is accompanied by im- 
mediate production of a proportional amount of heat. The mean relation 
found between fall of tension (—AP) and the heat produced (AQ) was 
AQ = —0-018.1,.AP, where I, is the ‘standard’ length of the muscle; the 
numerical constant in this equation is known as the ‘thermoelastic heat: 
tension ratio’. During relaxation from an isometric twitch, that part of 
the heat produced which is not due to degradation of potential energy is 
close to the amount predicted from this formula. These results raise the 
question of whether a corresponding absorption of heat occurs during the 
initial development of tension. This would make the heat produced by 
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~ chemical reactions in on early part of the twitch appear smaller than it 


really is. 

Hill interpreted the heat production during fall of tension as being of 
‘thermoelastic’ origin. There are two main types of elastic bodies. In one 
type, often called normal, the elasticity is short-range; for example, a steel 
wire can only be stretched a short distance before it is permanently 
deformed. This type of material has a positive coefficient of thermal 
expansion; when it is put under tension heat is absorbed, and when the 
tension falls heat is given out. In the other type of elastic body, of which 
natural rubber is an example, there is long-range elasticity. These materials, 
when under tension, have a negative coefficient of thermal expansion ; heat 
is absorbed when the tension falls, and given out when it rises. Resting 
muscle has rubber-like thermoelasticity (Hill, 1952) but the observation of 
heat production during fall of tension suggests that active muscle has 
‘normal’ thermoelasticity. This conclusion is supported by studies of the 
thermoelastic properties of muscles in iodoacetate rigor (Aubert, 1956), in 
which it was shown that heat is produced during fall of tension and 
absorbed during rise of tension, though the thermoelastic heat: tension 
ratio was much smaller than in active muscles. 

If the heat produced by fall of tension in active muscle i is indeed thermo- 
elastic, there must be a corresponding absorption of heat when the tension 
rises. The studies of Hill & Howarth (1959) provide an indirect indication 


that such an absorption of heat occurs. In their experiments active 


muscles were stretched, and the tension rose to very high values. The 
results were impossible to explain in any simple way unless it was assumed 
that rise of tension causes absorption of heat. Therefore the following study 
was undertaken of heat production in active muscle during rising tension, 
to see whether direct evidence of negative thermoelastic heat could be 
found. The natural rise of tension at the start of a contraction is unsuitable 
for this purpose, because the activation heat is produced at its greatest 
rate at the start of a contraction, and it is difficult to see what situation 
could be used as a ‘control’ in which the tension does not change but the 
activation heat is the same. Three types of experintent are reported in this 
paper: (1) a small stretch is applied to a muscle which is shortening iso- 
tonically, in order to make the tension rise rapidly ; (2) a stretch is applied 
immediately after a quick release, bringing the muscle back to its original 
length; (3) tension is allowed to redevelop spontaneously after a small 
quick release. 

Because an active muscle is continuously producing heat, the thermo- 
elastic effect always has to be observed against a moving base line. This 
complication is reduced if the tension change is made rapid. This can be 
done, for a fall of tension, without causing any of the mechanical potential 
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energy lost by the muscle to appear as heat (Hill, 19535). The main 
difficulty in the present investigation was that, whenever the tension in 
a contracting muscle was made to rise rapidly by applied stretch, as in 
experiments of types (1) and (2), extra heat appeared in the muscle, 
presumably derived from the work done in the stretch. It was well known 
(Abbott, Aubert & Hill, 1951; Hill & Howarth, 1959) that if the tension is 
artificially increased above P, (the maximum isometric tension in a 
tetanus), such ‘irreversible’ sharin occur; but it was found that, even if 
the tension never rose above P,, an soplied stretch produced a’ similar 
effect, resulting in heat production which obscured, or tended to obscure, 
the expected absorption of heat. Because of this trouble, experiments of 
types (1) and (2) did not give any unequivocal evidence of thermoelastic 
heat. In the end, therefore, attention was concentrated on the spontaneous 
redevelopment of tension after a quick release. Since this necessarily 
involves shortening of the contractile component, the extra heat produced 
by this shortening tends to mask the thermoelastic effect. Hill has 
published an experiment of this type (19536, Fig. 6) in which the release 
was made after the end of a tetanus; and so the amount of shortening heat 
was uncertain, and no allowance was made for it. In the present experi- 
ments the release and redevelopment of tension have been observed during 
a continuing tetanus, so that an allowance for the heat of shortening aa 
be made with reasonable accuracy. 


METHODS 


Sartorius muscles from English toads (Bufo bufo) have been used for all the experiments. 
The animals were kept in a cold store at 1° C, and were in good condition. For some 
experiments the nerves to the muscles were also dissected out and used for stimulation; 
this was particularly to avoid leak of the stimulating current, which, with direct stimulation, 
disturbed the records of heat production during a continuing tetanus. A pair of muscles was 
mounted on a thin thermopile. Two thermopiles have been used. With one of these (D2, 
1274 u1V/° C), used only for the experiments in which a muscle was stretched during an 
isotonic contraction, stimuli were applied to the muscle through electrodes at each end of 
the thermopile. The equivalent half-thickness (b) of this thermopile, together with the 
epimysium, is estimated to be 22-4 u. The other thermopile (D3, 3820 »V/° C) was used for 
all the other experiments. The advantage of its high sensitivity outweighed the disadvantage 


_ that it is thicker than D2, the value of 6, including 7 » allowance for the epimysium, being 


42 u. This thermopile (Fig. 1) is provided with electrodes for direct stimulation of the 
muscle and also with electrodes for nerve stimulation. These consist of two pairs of platinum 
wires, one pair for each nerve, mounted to one side of the thermopile and parallel to the 
muscle, so that small movements of the muscle can occur without damaging the nerves, or 
pulling the nerves or muscles out of position. The output of the thermopile was recorded by 
a sensitive and rapid galvanometer which, by means of photo- -electric amplification, 


operated one beam of a double-beam oscilloscope; the other beam was used to record tension 


or length changes. The sweep of the oscilloscope could be started at any moment in relation 


to the stimulus or release. 
.The mechanical arrangements for the experiments in which a muscle was stretched during 
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Fig. 1. Diagram of thermopile D3 with muscles and nerves in position. A, nerve- 
stimulating electrodes. B, electrodes for direct stimulation. C, wire connecting the 


muscles to the ergometer. D, pelvic bone held in clamp,. For drawings showing 
details of thermopile construction see Hill (1938). 
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Fig. 2. Diagram of arrangement of apparatus for the experiments on stretching a 
muscle during an isotonic contraction. The muscles are connected to the chain at A, 
and contract against the isotonicdever (L), lifting the load W. When the isotonic 
lever makes contact with stop X the relay (R) causes the release of catch C, and the 
ergometer arm is then pulled down to stop H by the spring (S). The speed of the 
ergometer arm is varied by adjusting the needle valve in the dashpot (B). Tension 
during and after the stretch is recorded by the R.C.A. transducer (7'). The move- 


ments of the isotonic lever are recorded by the displacement transducer (D). 
Diagram partly after Jewell (1960). 
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an isotonic contraction are shown in Fig. 2. The muscle was connected at A to the isotonic 
lever (L), and shortened against the load (W), until the lever made electrical contact with 
stop X, which, by way of the relay (R), released the catch (C). The released ergometer arm 
then moved down to stop H, first stretching the muscle, and then keeping it isometric. 
The tension was recorded during and after the stretch by the transducer mounted on the arm 
of the ergometer. The chain connecting the transducer to the isotonic lever was just long 
enough to allow the lever to make contact with stop X. For the contractions which were 
isotonic throughout, stop X was screwed down, and the ergometer arm was held against 
stop J, so that the muscle continued to shorten against the isotonic lever, the movements of 
which were recorded by the transducer D (J. Langham Thompson, type 542/5). 

The Levin Wyman ergometer was used also for the experiments in which a muscle was 
released. The spring (S) was arranged to pull the ergometer arm upwards towards stop J, 
thereby releasing the muscle. The relay (R) was replaced by a key, which could be opened at 


any moment after stimulation began. The transducer on the ergometer arm was connected 


direct to the muscle by stainless steel wire (33 s.w.c.) weighing about 0-2 g. The extensibility 
of this wire between 80 and 20 g was 0-04 mm; the extensibility of the transducer and its 
connexions between these limits was 0-08 mm. 

The experiments on rapid release followed immediately by rapid stretch were made with 
a device constructed by modifying a Carpenter relay (type 3E1). The tip of the armature 
was extended about 20 mm by a light alloy arm, to the end of which the muscle was 
attached. The contacts were screwed back until the armature rested on a thin layer of 
aluminium foil inserted between the armature and the magnet. The movement of the end 
of the alloy arm was then 0-57 mm when the armature moved from one side to the other. 
The coils were connected in two separate groups, of which one moved the armature over to 
release the muscle, and the other returned it to its starting position. Current was supplied 
to the coils through condensers. The time constant of the circuit for the initial downward 
movement of the armature was made smaller than that of the circuit for the return move- 
ment, so that if current was supplied to both circuits together the armature moved down 
and returned without the need for any additional switching. The device was capable of 
releasing the muscle and returning it to its initial length in less than 10 msec. The moving 
arm was too small to carry an R.C.A. transducer, so tension could not be recorded at the 
same time as heat production. Tension records could be made separately, however, by con- 
necting the pelvic end of the muscle to an R.C.A. transducer, the electrical connexions of 
which were ‘potted’ in ‘ Araldite’ so that it could be used in Ringer’s solution. : 

In a few experiments the records of heat production were analysed in the usual way, to 
allow for the time lag in thermopile and galvanometer. For the most part, however, this 
procedure would have been difficult and somewhat inaccurate, because of the speed of some 
of the changes and because the thermopile D3 is rather slow. Fortunately it was possible to 
reverse the procedure and to calculate, from the observed tension changes, what the thermo- 
elastic heat deflexion would be, for comparison with the observed heat deflexion. The 
assumption made in the calculation was that the rate of tension change, positive or negative, 
was accompanied by a proportional rate of heat production, negative or positive respectively. 
If the deflexion so calculated agreed with that observed experimentally, the assumption was 
- confirmed just as effectively as it would be if the result of analysing the heat records agreed 
with the observed changes of tension. The advantage of using a ‘synthesis’ is that it is much 
more accurate than an ‘analysis’ and can be carried out in any intervals desired, however 
short. An analysis would have been difficult and inaccurate, even with intervals as long as 
20 msec, while in the synthesis 4 msec intervals were used. (As will be seen in the figures 
that follow, 20 msec is rather a long time in the rapid changes involved.) The method of. 
synthesis has seldom been used in the past because the ‘expected’ result could not be 
stated beforehand in a quantitative way, as is possible in these experiments. 

The procedure of synthesis, or numerical integration, is carried out with the usual 
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numerical data characteristic of thermopile and galvanometer. With 4 msec intervals a 
table is constructed giving the deflexion of the galvanometer at 2, 6, 10, ... msec after the 
start of a constant current. For the thermopile a similar table is constructed for the current 
due to an instantaneous rise of temperature in the muscle. These two tables are then com- 
bined to give the deflexion of the galvanometer at 2, 6, 10, ... msec after an impulsive 
change of temperature. From this table it is a simple matter to calculate, with the aid of an 


- adding machine, the deflexion of the galvanometer for a change of temperature of any given _ 


form. The change of temperature is considered as a series of instantaneous changes of 
suitable size, occurring at 2, 6, 10, ... msec after a convenient zero. The result of the calcula- 
tion is then the response of the galvanometer at 4, 8, 12, ... msec after this zero. 

In the experiments in which a muscle redeveloped tension spontaneously after a release, 
a rather substantial correction is required for the heat of shortening. This was calculated 
from the observed redevelopment of tension in the following way. The total compliance of 
the muscles and the connexions to the transducer is found from the drop of tension during 
the release. The amount of active shortening during a release of about 0-5 mm at 70 or 
80 mm/sec is small, and may be estimated without significant error as 0-02 mm. In each 
experiment the compliance was found from a release of about this speed. After allowing for 
this shortening, the total compliance over the required range is known. Allowance is made 
for the non-linearity of this compliance by calculating the load—extension curve for the 


muscle from the generalized curve given by Jewell & Wilkie (1958), and adding to it a — 


sufficient linear compliance, representing the connexions and the transducer, to bring the 
total to the observed value. By means of this load-extension curve, the time course of the 
shortening is obtained from the recorded rise of tension. Next, the galvanometer deflexion 
which would result from a heat production of this form is calculated by the method just 
described. The size of this deflexion is found by assuming a value of the constant a (the 
amount of heat produced by unit shortening). It is known that a is between P,/4 and P,/5 
(Hill, 1938; Abbott, 1953). A convenient value between these limits is assumed. The de- 
flexions calculated in this way were subtracted from those observed at the same times after 
release, to give a corrected curve. It was this curve that was compared with the thermo- 
elastic heat deflexion calculated from the changes in tension. 


RESULTS 


Heat production during spontaneous redevelopment of tension 
oe after a quick release 

Figure 3, curve a, shows the mean of three records of the heat production 
in tetanic contractions of a pair of toad sartorii at 0° C. The sweep of the 
oscilloscope started 0-74 sec after the beginning of the tetanus, when the 
heat record was already 35-7 mm above its base line. At 0-80 sec the 
muscle was released 0-4 mm at a rate of 35 mm/sec, and the tension fell as 
shown in curve c. The mean of two heat records in which the muscle was 
isometric throughout is also shown (curve 6). During the release the 
tension fell from 91 to 34 g, and then rose again during the next 0-38 sec 
to almost its original level. At the same time the heat record diverged 
from the isometric record, and then gradually returned towards it. If the 
ordinates of the isometric heat record are subtracted from those of the 


record for a release, curve | in Fig. 4 is obtained. re this subtraction 
is justified will be discussed later.) 
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Fig. 3. Simultaneous records of heat production (a and b) and tension (c) in tetanic 
contractions of toad sartorii at 0° C. Muscles weighed 91 mg,/, = 25-5 mm. Nerve 
stimulation was used; the tetani were of one shock every 60 msec, and of 1-1 sec 
duration. Ordinate, tension and galvanometer deflexion; sensitivity of heat re- 
cording, heat equivalent to 0-28 g.cm would produce 1 mm steady deflexion, 
neglecting heat loss. (In the following legends the sensitivities are a in the 
same way, but written in the short form of ‘1 mm = 0-28 g.cm’.) (a) and (c): 
muscles released 0-5 mm; mean of records 1, 3, 5 in series. (b): muscle isometric; 
mean of records 2 and 4. 
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Galvanometer deflexion difference (mm) 


01 0-2 0:3 
Time after release (sec) 
Fig. 4. Extra heat deflexion following release. Same muscles as Fig. 3. Ordinate: 
galvanometer deflexion difference (1 mm = 0-28 g.cm). (1) 0-5 mm release, same 
observations as Fig. 3; difference between ordinates of the ‘release’ record and those 
of the ‘isometric’ record. (2) line (1) minus calculated shortening heat deflexion. 
(3) extra heat deflexion after 0-26 mm release minus calculated shortening heat 
deflexion. Interrupted lines (2a and 3a) are thermoelastic heat deflexions calculated 
from the appropriate tension records, a the thermoelastic heat: tension ratio 
as — 0-013. 
13 PHYSIO. CLV 
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Curve 1 of Fig. 4 is Jargely an expression of thermoelastic heat. The 
curve rises and falls at the same time as the tension falls and rises. (This 
fall of the extra heat deflexion starts at a time when the response of the 
galvanometer to an abrupt production of heat at the moment of release 
would have reached only 80% of its final value.) The maximum of the 
extra heat deflexion, however, is at 60 msec, and it falls only to 60 % of its 
maximum by 0:38 sec, whereas the tension is at a minimum at 12 msec and 
rises to 97 % of its original level by 0-38 sec. These differences are partly 
due to the delay with which the instruments record the heat production, 
but also to the fact that the contractile part of the muscle has shortened 
almost 0-4 mm during this 0-38 sec, and in so doing has produced extra 
heat which has been included with the thermoelastic heat. The deflexion 
caused by this shortening heat was calculated in the manner described 
above, taking a as 18 g wt., and was subtracted from curve 1 (the extra 
heat deflexion observed to follow the release). The result is shown as curve 2 
in Fig. 4. 

In order to compare this heat deflexion with the fall in tension it is 
assumed that every element of tension change causes a proportional heat 
production, and a synthesis is made as described above. The resulting 
theoretical thermoelastic heat deflexion is adjusted in size to make its 
maximum the same as that of curve 2. The result is shown by the broken 
line, 2a, in Fig. 4. There is a marked similarity between the observed and 
predicted curves: they both have their maxima at 60 msec, and they then 
fall off at practically the same rate. This similarity was consistently found ; 
although there were small and variable differences between the two curves, 
these were always within the limits of experimental error. This result 
strongly suggests that the difference of deflexion between ‘release’ and 
‘isometric’ observations is indeed due to a combination of thermoelastic 
heat and shortening heat. The thermoelastic heat: tension ratio in this 
case is —0-013. In other experiments the values have been between 
— 0-009 and — 0-018, but have often been close to — 0-014. 

Figure 4 also includes the observed and predicted thermoelastic heat 
defiexions for a smaller release of 0-26 mm (curves 3 and 3a). The calcula- 
tion, including allowance for shortening heat, has been made in the same 
way as for the larger release. Again the thermoelastic heat: tension ratio is 
— 0-013. The similarity between the observed and predicted deflexions is 
not so close as for the large release but the experimental errors tend to be 
proportionally larger for the smaller amount of heat. 

Figure 5 shows the result of an experiment in which twitches were used. 


It is similar to the experiments reported by Hill (1953c). The extra heat — 


deflexion which followed releases of three different distances is shown, 
together with the corresponding tension records. The releases were al! 
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made 0-4 sec after the stimulus. In (a) the release was 0-3 mm, in (b) 
0-6 mm and in (c) 0-9mm. The time courses of the thermoelastic heat 
deflexions corresponding to the observed changes of tension have been 
calculated, and if their maxima are made the same in size as those of the 
observed extra heat deflexions, without any correction for shortening heat, 
the thermoelastic heat:tension ratios work out at —0-012, —0-013, 
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Fig. 5. Extra heat deflexion and tension after releases of various distances. Twitches 
of toad sartorii at 0° C. distances. Muscles weighed 140 mg; J, = 27-5 mm. 
Ordinate: tension and galvanometer deflexion difference (1 mm = 0-23 g.cm). 
Each tension curve is the mean of three ‘release’ records (1, 3, 5in series). Each 
extra heat deflexion curve is obtained by subtracting the mean ordinates of two 
‘isometric’ records (2, 4 in series) from those of the three ‘release’ records. 
Releases were (a) 0-3 mm, (b) 0-6 mm and(c)0-9 mm. All the release started 0-4 sec 
after the stimulus. 


and —0-013 respectively. The value of the shortening heat constant, 
a, is uncertain so long after the stimulus as 0-4 sec, so detailed com- 
parison of the time course of the observed and predicted thermoelastic 
heat deflexions is not possible. But it is evident that the curves in Fig. 5 
are falling off in the same way as the corresponding curves obtained from 


_ observations during a continuing tetanus (Fig. 4, curve 1). Ifa were taken | 


as P,/4, the heat: tension ratios would be —0-011, --0-012 and —0-011, 
after making allowance for the shortening heat. The true values of the 
ratios will lie somewhere between these two estimates. 

Figure 6a (curves 1 and 2) shows the extra heat deflexions which 
followed releases made at two different speeds. Each curve was obtained 


by subtracting the mean ordinates of six ‘isometric’ records from those 
13-2 
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of six records of the release. The releases were made during a tetanus, and 
the extra heat deflexion curves have been corrected for shortening heat 
as described above. It is seen that the release at 80 mm/sec (1) produced 
30 °% more extra heat deflexion than the release at 25 mm/sec (2), although 
the fall in tension was only 10% greater. The broken lines in the figure 
show the thermoelastic heat deflexions predicted from the tension records. 
The extra heat deflexion which followed the slower release is fairly close 
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Fig. 6. Extra heat deflexion following releases at different speeds, corrected for 
shortening heat. Toad sartorii at 0° C. Muscles weighed 68 mg; J, = 24mm. Nerve 
stimulation; tetani of 1-1 sec, one shock every 60 msec. Releases 0-8 sec after start 
of tetanus, all 0-4 mm. Ordinate: heat deflexion difference (1 mm = 0-18 g.cm). 

(a) (1) release at 80 mm/sec. (2) release at 25 mm/sec. Each line is obtained by 
subtracting the mean ordinates of six ‘isometric’ records (2, 4, 6, 7, 9, 11 in series) 
from those of six ‘release’ records (1, 3, 5, 8, 10, 12), and subtracting the calculated 
shortening heat deflexion. Interrupted lines (1a) and (2a) are thermoelastic heat 
deflexions calculated from the appropriate tension records and adjusted in size to 
make the maxima the same as those of curves (1) and (2). 

(6) Full line is (1) of (a) minus the deflexion calculated for ‘irreversible’ pro- 
duction of 0-3 g.cm of heat during the release. Interrupted line is the thermoelastic 
heat deflexion calculated from the tension record and adjusted in size to make its 
maximum the same as that of the full curve. 

Inset: ordinate ‘irreversible’ heat production giving deflexion which, when sub- 
tracted from the corrected extra heat deflexions, gives the best fit with the predicted 
thermoelastic heat deflexion (see text); abscissa, speed of release. 
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to the predicted time course, but the deflexion which was produced by 
the faster release does not fall off so rapidly as the predicted thermoelastic 
heat deflexion, being 1-5 mm larger by 0-3 sec after the release. In this 
experiment a set of records was also made at a speed of release of 
50 mm/sec. This gave an extra heat defiexion intermediate in size between 
the other two, which was 0-7 mm week than the predicted thermoelastic 
heat deflexion at 0-3 sec. 

It is known (Hill 1953a) that the series elastic component of muscle 
shows very little viscous resistance to movement, but the above discre- 
pancies could be simply explained if there was some viscous resistance in 
the system, causing part of the mechanical potential energy lost during the 
release to appear as heat. The amount of heat so produced would be 
proportional to the speed of release, and its production would, of course, 
be irreversible. If the heat deflexion which would result from the irrevers- 
ible production of 0-3 g.cm of heat during the release is subtracted from 
the ordinates of curve 1 (Fig. 6a), the curve of Fig. 66 is obtained, which 
fits closely to the predicted time course for the thermoelastic heat deflexion. 
If similar subtractions are made from the other two observed extra heat 
curves to obtain the best fit with the predicted thermoelastic heat deflexions, 


then the thermoelastic heat:tension ratio becomes nearly the same for all 


the releases, being — 0-016 for the fastest, — 0-015 for the medium speed, 
and —0-014 for the slowest. The amounts of irreversible heat giving the 
deflexions which were subtracted are 0-30, 0-16 and 0-08 g.cm respectively. 
Thus the amount of irreversible heat produced is nearly proportional to the 
speed of release, as is shown in the inset to Fig. 6b. The line in this graph 


represents a viscous resistance of 600 dyn/(cm/sec). In two other experi- 


ments largely similar results were obtained, but not with sufficient 
accuracy to justify calculation for the viscous resistance. 

Hill (1953a) found that only about 4°% more work was obtained by 
releasing a muscle at 140 mm/sec than by a release at 40 mm/sec. This is 
equivalent to a viscous resistance of less than 100 dyn/(cm/sec). These 
experiments were performed with the muscle in Ringer’s solution on a 
multi-electrode assembly. Under these conditions the friction between 
the muscle and the multi-electrode assembly is negligible, but in the present 
experiments the muscle was in oxygen and separated from the surface 
of the thermopile by only a thin layer of fluid. Any ‘friction’ between 
the muscle and the thermopile will be due to the shearing of this layer 
of fluid, and so will be a viscous resistance to the movement of the 
muscle. 

To obtain a direct measurement of the total viscous resistance to move- 
ments of the muscles on the thermopile in air, the experiment shown in 
fig. 7 was performed. During a tetanus the muscles pulled on an isotonic 
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lever, loaded with 11g wt., and held in position by an electromagnetic 
catch keeping the muscle isometric. At 0-6 sec after the start of the | 
tetanus the catch was abruptly withdrawn, and the movements of the 
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Fig. 7. (a) Diagram of arrangement of apparatus for isotonic quick-release experi- 
ments. The muscles pull on the isotonic lever by the wire (A),'’but the lever is held in 
position by the electromagnetic stop (#), which is released during a tetanus. The 
movements of the isotonic lever are recorded by a photoelectric system. | 

(6) Experimental record of the shortening following the release of the isotonic 
lever 0-6 sec after the start of a 0-8 sec tetanus. The load on the muscles after 
release was 11 g. Toad sartorii at 0° C; weight: 60 mg; 1, = 26 mm. The isometric | 
tension was about 60 g. The interrupted line is an extrapolation of the linear part of 
the record and shows the active shortening assumed to have occurred. 

(c) Lines calculated from x = — {e~*/,/(k® — (./(k? — b?) .t— 6)]; where 
x is the distance moved by time ¢ (sec) and 2, is the final displacement; k = ,/(1/MC); 
b='R/2M; sin @ = b/k; M (mass) = 0-4g; C (compliance) = 10-* cm/dyne; 
R (viscous resistance) = 500 dyn/(cm/sec) for the full line and 400 dyn/(em/sec) © 
for the interrupted line. The points @ are the observed oscillations after correction for 
active shortening, expressed as % of final value. 


lever were then recorded. The record is shown in Fig. 7b. There are two 
phases of shortening; first the rapid shortening of the series elastic com- 
‘ponent, then a slower, active shortening of the contractile component. The 
transition between the two is obscured by a damped oscillation (Jewell & 
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Wilkie, 1958; Jewell, 1959). This oscillation is due to sudden release of a 
system containing compliance, largely situated in the muscle, in series with 
a mass, the lever and connecting wire. The damping of the oscillations is 
due to the viscous resistance to movements of the muscles (the resistance 
to movement of the lever is known to be only about 50 dyn/(cm/sec)). 

The equivalent mass of the lever, referred to the point of attachment: of 
the muscle, has been determined by Jewell (1959), and is 0-2 g. The con- 
necting wire weighs 0-2 g. The compliance of the system is known from 
the extent of the rapid phase of the movement after release, and is taken 
as 10-* cm/dyne. The oscillations which would occur after release of a mass 
of 0-4 g in series with a compliance of 10-* cm/dyne were calculated for two 
values of the viscous resistance, 400 and 500 dyn/(cm/sec), and the result 
is shown by the two lines in Fig. 7c. The oscillations observed were corrected 
for active shortening of the muscle by assuming that this starts im- 
mediately after the release at the rate observed when the oscillations have 
died out (Jewell & Wilkie, 1958). As is shown in Fig. 7c, the observed 
oscillations are then very similar to those calculated, and the value of the 
viscous resistance is about 500 dyn/(cm/sec). 

This experiment shows that the value of the viscous resistance suggested 
to explain the results of the experiment of Fig. 6 is quite likely, and so the 
explanation is probably correct. It is not clear whether the difference 
between this result and that of Hill (1953q) is entirely due to the fact that 
in the present experiments the muscles were mounted on a thermopile in 
air. J. Déléze and D. R. Wilkie (personal communication) have made 
similar experiments with single frog sartorius muscles on a multi-electrode 
assembly in Ringer’s solution and have found values for the viscous 
resistance of about 200 dyn/(cm/sec). 


Effects of a small stretch during an isotonic contraction 


The obvious method of observing the thermoelastic heat absorption 
due to rise of tension would be to give the contracting muscle a stretch, 
- which would cause the tension to rise rapidly. But if the tension rises above 
P, (the maximum tension which the muscle can exert in a tetanus) a large 
amount of heat will be produced (Hill & Howarth, 1959), and this will 
obscure the expected absorption of heat. On the simple model of active — 
muscle as a contractile component in series with an elastic component, the 
heat produced when the tension rises above P, is due to lengthening of the 
contractile component. Experiments were therefore made in’ which a 
muscle, shortening isotonically with a load of about P,/4, was given a 
small stretch, about 0-5 mm, sufficient to raise the tension almost to P 
but not above. The length change in the muscle should then have taken 
place only in the series elastic component. 
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Two experiments of this type are shown in Fig. 8. In each case the 
recorded heat deflexion is shown during an isotonic contraction in which 
the shortening was interrupted by a stretch, and the muscle was then kept 
isometric. In the experiment shown in Fig. 8a the stretch was completed 
within 20 msec; extra heat appeared in the muscle. This extra heat pro- 
duction was seen whenever a muscle was stretched at more than about 
10 mm/sec. This heat is presumably derived from the work done in 
stretching the muscle. Since, as described above, the series elastic part of 
the muscle has a viscous resistance to movement of about 500 dyn/(em/sec), 
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Fig. 8. Records of heat production, (i) and (ii), and tension, (iii), during tetanic 
contractions of toad sartorii at 0° C. Tetani: one shock every 60 msec; 1 sec duration. 
(i) isotonic contraction; (ii) and (iii) isotonic contraction interrupted by stretch. 
(a) Isotonic load 45 g wt; stretched 0-8 mm in 20 msec; muscles weighed 361 mg; 
lL, = 37 mm. Sensitivity of heat recording: 1 mm = 1:4 g.cm. 
(6) Isotonic load 18 g wt; stretched 0-5 mm in 160 msec; muscles weighed 108 mg; 
1, = 25-5 mm. Sensitivity: 1 mm = 0-50 g.cm. 


the heat produced by this resistance during the stretch shown in Fig. 8a 
would be about 0:16 g.cm, whereas about 3¢.cm of extra heat was 
actually produced. It seems, therefore, that the contractile component, 
or part of it, is lengthening during the rapid rise of tension, although the 
tension is always less than P,. © 

Figure 8b shows an experiment in which a muscle, shortening isotonically 
at 7-8 mm/sec, was stretched 0-5 mm at 3-5 mm/sec. The heat production 
of the muscle when stretched was always less than in the isotonic control. 
The ordinates of the heat record during and after the stretch were sub- 
tracted from those of the isotonic control, and the resulting deflexion 
difference was analysed, at 20 msec intervals. The result is shown in Fig. 9. 
Most of this difference of heat production is due to the shortening heat 
produced in the isotonic contraction. However, the shortening during 


this 0-3 sec occurred at a constant rate, whereas the curve showing the 


difference of heat production rises most rapidly during the stretch itself. 


—_ 


a 
9 
+ 


THERMOELASTICITY OF ACTIVE MUSCLE 201 


That is, the heat production in the stretched muscle diverges from the 
isotonic control more rapidly than would be expected from the difference 
in shortening alone. This is due to the absorption of some heat during the 
stretch. 

If the shortening in the stretched muscle stopped abruptly at the 
moment when the stretch began, the amount of heat absorbed by the 
stretched muscle could be found by extrapolating the linear portion of the 
curve in Fig. 9. The intercept on the y axis is found to be 0-44 g.cm. If 
this were thermoelastic heat absorption, the heat:tension ratio would be 


Difference of heat production (g.cm) 
\ 


i j 
0-1 0-2 0-3 
Time after start of stretch (sec) 


Fig. 9. Difference of heat production during and after a stretch. Same observations 
as Fig. 8b. The ordinates of the record of heat deflexion during and after the stretch 
(8b, ii) were subtracted from those of the ‘isotonic’ record (86, i) and the resulting 
difference of deflexion was analysed using 20 msec intervals. The result is shown by 
the solid line. The interrupted line is an extrapolation of the linear part of the 
difference of heat production. The duration of the stretch was 160 msec. 


—0:004. If the shortening in the stretched muscle continued to some 
extent after the beginning of the stretch, as would be expected, some 
shortening heat would be produced during the stretch and would obscure 
part of the thermoelastic heat absorption. The force—velocity relation of 
the muscles used in this experiment was found by observing the velocity of 
shortening under various isotonic loads. The shortening which would have 
occurred during the stretch was then calculated on the assumption that the 
same relation between force and velocity applies under these conditions. 
It was found that the muscle would have shortened 0-08 mm, which would 
produce about 0-17 g.cm of heat. The addition of this amount to the 
thermoelastic heat would make the heat:temsion ratio — 0-006. 

This experiment shows that heat is absorbed during a stretch, but the 
amount of heat is difficult to measure accurately, partly because the 
amount of shortening during the stretch is not known. This uncertainty is 
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made worse by the need to use only slow stretches to avoid the extra heat 
production associated with rapid stretch. Another difficulty is that heat 
production from this cause may not have been altogether avoided in the 
slower stretch, and might have obscured part of the thermoelastic heat 

absorption. This may explain why the thermoelastic heat:tension ratio 
- found in the above experiment was so small. 

Yet another difficulty in interpreting this experiment is the possibility 
that heat might be absorbed by a small lengthening of the contractile 
component during the stretch. As described above, it seems likely that the 
contractile component does lengthen during a rapid stretch, with the 
_ production of heat derived from the work done in the stretch. This seems 
~ to be similar to the stretches at tensions above P, studied by Abbott et al. 
(1951) and by Hill & Howarth (1959). However, Abbott & Aubert (1951) 
have shown that stretch with absorption of heat can also occur when the 
stretch is very slow with the tension only slightly greater than P,. It seems 
at least a possibility that a similar phenomenon might occur at a tension 
less than P,, during a stretch which has been made just slow enough to 
avoid any extra heat production during the stretch. It seems that this 
type of experiment cannot give unequivocal evidence about the absorption 
of thermoelastic heat during rise of tension. : 


Effects of restretching a muscle to its initial length immediately 
after a rapid release 

It had been suggested by Dr D. R. Wilkie (Hill, 19536, p. 171) that a 
muscle might be stretched with fewer complications if the stretch were 
applied immediately after a release. If the stretch were of the same distance 
as the preceding release, the tension should return exactly to its former 
level, and the net thermoelastic heat would be zero. For this purpose the 
apparatus described under ‘Methods’ was made. It is capable of releasing 
a muscle and restretching it to its initial length within 10 msec. Figure 10 A 
shows the heat deflexion during a release-and-stretch of 0:56 mm made in 
9 msec, compared with the record for a release only. It is clear that the 
release-and-stretch produced more heat than the release alone. (Twitches 


were used in the experiment shown in this figure; similar results have been — 


obtained during a continuing tetanus.) It was possible that the muscle had 
shortened a small amount during the few milliseconds after the release, so 
that the stretch would raise the tension above P,, and so cause lengthening 
of the contractile component. 

To investigate this possibility, a number of tension records were made 
during a release-and-stretch. This could not be done at the same time as the 
heat measurement, since the tension had to be recorded from the pelvic 
end of the muscle. A typical record is shown in Fig. 10B, for a release- 
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and-stretch of 0-56 mm. The tension at the end of the stretch had indeed 
returned exactly to P,, but during the next 60 msec it fell to a minimum of 
7 g less than P,, then rose again. It is clear that the contractile component 
must have been lengthening during the fall of tension following the stretch, 
so that the mechanical potential energy lost must have appeared in the 
muscle as heat. This must be one cause of the heat production observed to 
follow the release-and-stretch. The mechanical potential energy lost in the 
case shown in Fig. 10B is about 0-5 g.cm. Another source of heat will be 
the viscous resistance of 500 dyn/(cm/sec) discussed above. Release and 
restretch each occur at about 20 cm/sec, so that about 1 g.cm of heat will 
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Fig. 10. (A) Records of heat production during release and release-and-stretch. 
Twitches of toad sartorii at 0° C. Muscles weighed 123 mg;1, = 26-5 mm. Ordinate: 
galvanometer deflexion (1 mm = 0-19 g.cm). Abscissa: time after stimulus. a, re- 
lease only of 0-56 mm. b, release-and-stretch of 0-56 mm. Bars show the duration 
of release and release-and-stretch. 

(B) Tension record during and after a release and stretch of 0-56 mm. Tetanus of 
toad sartorii at 0°C. Muscles weighed 73 mg; J, = 25-5mm. Release started 
0-28 sec after the start of a 1-1 sec tetanus. 


be produced. These figures are not directly comparable to the 3:5 g.cm of 
heat observed to follow release-and- stretch shown in Fig. 10 A, since they 
_ were obtained in a different experiment. It is, however, clear that heat 
production from these and possibly other causes makes it impossible to 
tell whether or not there is any net thermoelastic heat production over the 
cycle of release-and-stretch. | 


DISCUSSION 


_ The most important part of the results described above is the phate’: 
tion that the extra heat deflexion following a quick release reaches its 
maximum value in about 60 msec, and then falls off. The only treatment 
of the results required to bring out this fact is the subtraction of the 
ordinates of the isometric heat record from those of the record for a release. 
The assumption made in this subtraction is that the processes which 
produce heat in the isometric muscle continue at the same rate if the 
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muscle is released. While the isometric tension remains constant the only 
heat production is the maintenance heat, so that the assumption seems 
likely to be correct. The rate of maintenance heat production during a 
tetanus does depend on the length of the muscle, being greatest at J, and 


falling off at both greater and smaller lengths (Aubert, 1956); but a change _ 


of length of only about 0-5 mm in the region of |, would be expected to 
produce hardly any change. However, a very small alteration in the rate 
of maintenance heat production might produce a noticeable error over 
a period as long as 0-3 sec. Therefore, as a further check the isometric con- 
tractions were made alternately at the lengths corresponding to those 
before and after the release. The differences found between the heat pro- 
duction at the two lengths over the period of 0-3 sec were always small 
compared with the extra heat production following a release. One of the 
largest differences observed was in the experiment shown in Fig. 6, in which 
the difference of heat deflexion between the isometric contractions at the 
two lengths, during the 0-3 sec used for subtraction, amounted to 5 % of the 
extra heat deflexion at 0-3 sec after a release. In any case no correction 
could have been made, since it is not known whether the released muscle 
takes up the new rate of maintenance heat production immediately, or only 
gradually as the contractile component shortens. 

In the case of observations made during a twitch or after the end of a 
tetanus, the isometric tension tends to fall and, as it does so, extra heat is 
produced, partly thermoelastic and partly due to degradation of potential 
energy. This heat production does not occur after a release, so that com- 


_ parisons of the isometric and release records are only justifiable during 


the limited time that the isometric tension remains almost constant. This 
is another reason why the most accurate results are obtained when the 
experiment is made in the course of a tetanus. 

As described above, the detailed comparison of the observed and pre- 
dicted thermoelastic heat deflexions depends on knowing the values of two 
constants, a, the heat produced by unit shortening, and 6, the equivalent 
half-thickness of the thermopile. A value of a has been assumed for each 
experiment somewhere between P,/4 and P,/5 (Hill, 1938). For example, 
in the experiment shown in Fig. 2 a has been taken as 18 g wt., but it might 
really have been 23 g wt. Thus there is an uncertainty in the value of the 
observed thermoelastic heat deflexion which becomes progessively greater 
as shortening proceeds. At 60 msec after the release the uncertainty of 
curve 2 in Fig. 2 is only 0-1 mm (3%), but by 0:38 sec the uncertainty has 
become 0-5 mm. A possible error of this size means that an exact fit of the 
observed and predicted thermoelastic heat deflexions must not be ex- 
pected, but it is not large enough to obscure their basic similarity. 

To find out whether an error in the value (42 .) of the constant b, which 
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is the equivalent half-thickness of the thermopile plus an allowance for the 
thickness of the epimysium, would have upset the results, a typical thermo- 
elastic-heat deflexion was recalculated for b = 50 u. The result is shown in 
Fig. 11, which shows that this alteration in 6 makes rather little difference. 
It seems that any likely error in the value of b would have only a small 
effect on the results. 


Galvanometer deflexion 
if 


0-1 0-2 0-3 

Time after release (sec) 

Fig. 11. Thermoelastic heat deflexions calculated from a typical record of the 
tension changes after a small quick release. Ordinate: galvanometer deflexion in 
arbitrary units. Solid line calculated for a value of the equivalent half thickness of 
the thermopile (b) of 42 4; interrupted line for b = 50n. 


It is difficult to think of any explanation of the falling off of the extra 
heat deflexion following a release other than that it is due to the absorp- 
tion of thermoelastic heat. It might be argued that the part of the muscle 
next to the thermopile was exerting more tension than the rest. The effect 
of this on the record would be that the thermoelastic heat deflexion would 
rise above its mean valye and then fall back to this level. An example of 
this phenomenon is given by Hill (19530, Fig. 7). With the direct stimuli 
applied through only two electrodes, on one surface of the muscle, it was 
possible that some of the fibres on the other surface might not be stimu- 
lated; but with nerve stimulation there is no reason why this should 
happen. In fact direct stimuli probably do stimulate the whole muscle, 
since Hartree (1929) showed that the heat deflexions produced by direct 
and indirect stimulation of a muscle were identical. The muscles used 
probably did have individual inequalities and these may well explain some 
of the differences found between the observed and predicted thermoelastic 
heat deflexions, but they could not have been responsible for the typical 
failing off of the extra heat deflexion. The chief reason for believing that 
decrease of the extra deflexion is due to the absorption of thermoelastic 
heat is the consistency with which the expected time course is found. It is 
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scarcely conceivable that a quite different cause could give a deflexion 
always so close to that predicted from the tension record. 

The present experiments merely confirm the existence of the thermo- 
elastic heat, they do not add anything to an understanding of the 
mechanisms producing it. The best explanation still seems to be the com- 
parison with thermosetting plastics, wood, and ebonite, all of which have 
thermoelastic heat :tension ratios similar to that found in active muscles. 
This comparison and its implications have already been fully discussed 
(Hill, 19536; Hill & Howarth, 1959). 

The values of the heat: tension ratio found in the present investigation 
were mostly near to 0-014. This is smaller than the value of 0-018 obtained 
by Hill (19536). The present experiments are probably the more accurate 
because (a) the releases were studied during a continuing tetanus; (b) a 
quantitative allowance for the shortening heat has been made; and (c) the 
accurate method of synthesis has been used in the comparison of tension 
changes with heat deflexions. These differences in technique seem enough 
to account for the different values obtained. 

If it is admitted that thermoelastic heat absorption accompanies the 
rise of tension following a rapid release, it seems most probable that a 
similar absorption of heat must occur during the original development of 
tension at the start of an isometric contraction, for the redevelopment of 
tension after a release folldws a course so similar to that of the initial rise 
of tension (Hill, 1953a; Jewell & Wilkie, 1958). The effects of this heat 
absorption have been discussed by Hill & Howarth (1959). They point out 
how much simpler the time course of liberation of energy in an isometric 
twitch appears when due account is taken of the thermoelastic effect. The 
value of the thermoelastic heat:tension ratio used in their calculation 
(—0-018) is probably rather too high, but the value varies so much from 
one muscle to another that changing the value to — 0-014 would not make 
the calculations any more precise. But it is perhaps worth re-emphasizing 
here how complex the heat production is in the apparently simple iso- 
metric twitch. Even if it is assumed that the muscle behaves uniformly, 
i.e. one part does not stretch another, there are four separate causes of heat 
production which combine to give the observed pattern. They are (1) the 
positive activation heat, (2) the positive shortening heat produced as the 
contractile component shortens against the series elastic elements, (3) the 
thermoelastic heat, negative during rise of tension and positive during fall 
of tension, and (4) the degradation of mechanical potential energy pro- 
ducing extra heat during relaxation. 
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SUMMARY | 

1. Experiments have been made on toad sartorius muscles to find out 
whether rise of tension in active muscle is accompanied by an absorption of 
heat similar to the production of heat known to accompany fall of tension. 

2. The spontaneous redevelopment of tension following a quick release 
is accompanied by an absorption of heat which is revealed by comparison 
of the recorded heat production with an isometric control. 

3. When the extra heat deflexion following a release is corrected for the 
shortening heat produced as the tension was redeveloped, its time course 
is found to be very similar to that of the thermoelastic heat deflexion cal- 
culated from the recorded tension changes. The assumption made in the 
calculation, that any tension change (AP) is accompanied by a proportional 
heat change (AQ), is therefore confirmed. The relation found was 


AQ —0-014.1,.AP, 


although the numerical constant (thermoelastic heat: tension ratio) varied 
widely. 

4. The thermoelastic heat: tension ratio is independent of the amount of 
release, and is also independent of the speed of release, if a correction is 
made for the heat produced by a viscous resistance to movement of the 
muscle of 500 dyn/(cm/sec). The viscous resistance was measured and 
found to be of this order. 

5. Experiments are described in which a muscle contracting isotonically 
is stretched sufficiently to make the tension rise almost to the maximum 
isometric value, and the heat production is compared with that during an 
uninterrupted isotonic contraction. Only for stretches at less than 10 mm/ 
sec was the heat production during the stretch less than in the isotonic 
control. In these slow stretches the difference from the isotonic control 
was often muxe than could be accounted for by the difference of shortening 
heat production. This heat absorption cannot, however, be positively 
identified as thermoelastic. 

6. When a muscle is restretched to its initial length immediately after 
a quick release, extra heat appears which masks any absorption of thermo- 
elastic heat. This extra heat production is partly due to a spontaneous 
fall of tension which follows a release-and-stretch. 

7. The accuracy of the identification of the thermoelastic heat absorp- 
tion found during spontaneous tension redevelopment after a quick 
release is discussed. 
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out, for his constant guidance and encouragement. I am also grateful to Dr J. Déléze for 


. 
t 
4 


208 R. C. WOLEDGE 


his help with the mechanical experiments on viscous resistance, and to Dr D. R. Wilkie for 
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IN RABBIT AURICLES 


: By A. WILMA WADDELL 


From the Department of Pharmacology, The London Hospital Medical 
College, London, E. 1 


(Received 24 March 1960) 


The rate and force of rhythmic contraction in the heart are increased 
by adrenaline (Oliver & Schafer, 1895; Elliott, 1905) and noradrenaline 
(Ahiquist, 1948). Adrenaline increases the slope of the diastolic pre- 
potential in pace-maker cells of spontaneously beating auricles (West, 
Falk & Cervoni, 1956), and both drugs increase the rate of repolarization 
after an action potential in all auricular cells (Brooks, Hoffman, Suckling 
& Orias, 1955). As repolarization after an action potential is generally 
assumed to be due to the passive efflux of potassium from the tissue, it 
would be expected that adrenaline and noradrenaline would accelerate 
this flux. There appears to be little published information about the effect 
of these amines on the resting membrane potential in quiescent left auricles, 
so it is difficult to predict what changes in potassium fluxes might be 
expected. The present paper describes observations on the potassium 
fluxes of left (quiescent) and right (spontaneously beating) rabbit auricles 
under the influence of noradrenaline and adrenaline, and enables a 
distinction to be made between effects on the fluxes through the resting 
membrane, and on fluxes in spontaneously contracting tissue. 


METHODS 


Potassium influx was measured over periods of 20 min as described by Rayner & Weatherall 
(1957), except that a temperature of 29° C was used instead of 37° C. Unstretched divided 
auricles were immersed for 1 hr in inactive saline medium, containing (mm): Na 145; 
K 5-8; Ca 1-7; Mg 1-2; Cl 128; HCO, 25; SO, 1-2; H,PO, 1-2; dextrose 11, and were then 
transferred to a similar medium containing some of the potassium as the isotope “K and 
sometimes either noradrenaline bitartrate (4 x 10-'m) or adrenaline hydrochloride (4 x 10-* m) 
for 20 min. The solutions were equilibrated throughout with 95 % O, + 5 % CO,. To minimize 
the risk of oxidation, the amines were added to the previously warmed and gassed radio- 
active medium immediately before they were used experimentally. 

After immersion in radioactive medium the tissues were rinsed in 0-15 choline chloride, 
blotted, dried at 110° C for more than 2 hr, and were ashed and estimated for “K and total 
K (Rayner & Weatherall, 1959). 

Potassium efflux was estimated at 29° C, but otherwise as described by Rayner & Weatherall 
(1959). Auricles were placed in medium containing “K immediately after dissection or 

14 PHYSIO. CLV 


i 
¥ 
; 
| 


210 A. WILMA WADDELL 


after a period of 50-310 min in inactive medium, and allowed to take up “K for 50-160 min 
before being transferred to a bath in which they were surrounded by flowing inactive medium 
over the end window of a Geiger—Miiller counter. The amines, dissolved in saline medium, 
were administered from a syringe through a polythene cannula placed upstream to the 
tissue, at a measured rate which was approximately 1/100 of the rate at which medium 
passed through the bath, and the final concentrations were calculated from the ratio of the 
two rates. To retard oxidation the solution of amines placed in the syringe was acidified 
slightly with 0-3 ml. 2N-HC1/100 ml. solution. Contractions of the auricles were recorded 
with a suitable transducer and oscilloscope, and photographed as required. 


RESULTS 
Mechanical. activity of the auricles 


In these experiments right auricles always contracted spontaneously 
throughout the period of study. The rate of contraction was recorded in 
experiments on “K efflux but not in experiments on uptake; it was in- 
creased when the medium contained noradrenaline or adrenaline. Left 
auricles did not beat spontaneously except sometimes after treatment 
with noradrenaline or adrenaline. Such beating started at any time after 
3 min exposure of unstretched left auricles to medium containing 4 x 10-°m 
noradrenaline or adrenaline; the experiments in this concentration were 
not continued for longer than 20 min, within which time about half the 
left auricles had begun to beat. In efflux experiments, with 3 x 10-*m— 
7-5 x 10-°m noradrenaline or adrenaline, beating never started in less than 
20 min, but occasionally began later than this, although the tissues had 
been returned to a control medium. Reference is made to the occurrence 
of beating in the text and tables where appropriate. 


Final potassium concentrations 


The quantity of potassium inside the cells was estimated from the total - 
amount of potassium in the tissue less the amount which was expected to | 
be in the extracellular fluid. The volume of extracellular fluid was taken 
as 44:1 ml./100g wet weight of tissue (Rayner & Weatherall, 1957). 
The concentration of potassium in the extracellular fluid was assumed to 
be the same as that in the medium. The quantity of water in the cells was 
estimated from the total tissue water (wet weight minus dry weight) less — 
the extracellular water. Intracellular potassium concentrations were 
calculated from the quantities of potassium and of water in the cells. 
Untreated auricles had mean potassium concentrations of 142:3+ — 
3-2 m-mole/l. cell water (s.n. of 16 observations) in the shorter (80 min) 
and 136-6+3-8 m-mole/l. (s.2. of 5 observations) in the longer (190- 
420 min) experiments. These figures agree closely with those previously 


reported by Rayner & Weatherall (1957, 1959) at 37° C and by Goodford 
(1959) at 35°C. a 
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Unstretched auricles which had been treated with noradrenaline and 
adrenaline contained 6-10°% more potassium than untreated controls 
(Table 1). The experiments were not all carried out on the same day, and 
part of the variation within each group is due to day-to-day variation of 
unknown origin. When comparisons were made between auricles run at 
the same time, the control auricles contained more potassium than those 
treated with noradrenaline or adrenaline in only 4 out of 23 comparisons. 
The means of the differences between the control and the corresponding 
treated values were significant in each group (0-05 > P > 0-02) except in 
right auricles treated with noradrenaline, for which P < 0-4. The cause 
of the day-to-day variation in the potassium content of auricles has not 
been examined ; it is in any case not large, and its practical importance in 
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TABLE 1. Uptake of “K by unstretched auricles (means + s.£. of means) 


Final [K], Exchange at Rate of uptake 
Treatment during No. of Dry wt. (m-mole/l. end of influx (m-mole K/I. 
uptake of 44k expts. (mg) cell water) (%) cell water/min) 
Left auricles 
Control 8 19-7+1-9 136-8444 1-34+ 0-05 
Noradrenaline 
4x10°m 21-6 + 2-0 150-7 + 4-8 27:4+3°5 2-41+ 0:37 
Adrenaline 
4x 10°m 5 23-7 + 2:3 145-6 + 3-6 25-14+1-9 2-08 + 0-19 
Right auricles 
ntrol 8 13-7+0°8 147-8+4-1 30-2+0-9 2-84+ 0-14 
Noradrenaline 
4x 10m 6 17-4417 156-0 + 2-7 37-1415 3°88 + 0-17 
Adrenaline 
4x 5 13-4411 157-8+ 5-1 37-6 + 1-6 3°71 40-25 


the present experiments lies in its relevance to the significance of differences 
observed in individual experiments. Differences in the final potassium 
concentrations of treated and untreated auricles after efflux measurements 
(Tables 2 and 3) were not statistically significant, but most of these auricles 
had been restored to the control medium for at least 20 min after exposure 
_ to the drugs. | 


Inward movemeni of 

_ Table 1 shows the results of experiments in which the rates of uptake of 

“2K were measured in left and right auricles. The influx rate constant is 
known to depend in part on the weight of the tissue (Rayner & Weatherall, 
1959), but these experiments were performed with auricles which did not 
vary greatly in size, apart from the difference between left and right 
auricles. It will be seen that in addition to the net gain in potassium, the 
auricles treated with noradrenaline or adrenaline have exchanged a larger 


fraction of their potassium. The total influx has been estimated coy the 


‘ 

oy 

> 


212 - A. WILMA WADDELL , 
proportion exchanged by the adjustment (Keynes, 1951; Hodgkin & 
Horowicz, 1959), 

(dY/dT),.9 = Y .kT/T(1—exp (—k7)), 


where Y = “*K (m-mole/l.) taken up by auricles in time 7’; 

T = time (min) during which influx took place (here, 20 min); 

é = zero time, time when “K starts to enter tissue; and 

k = rate constants obtained in efflux ex pear described later 

in this paper. 

In view of the considerable departure from a single exponential process 
of the potassium exchange of right auricles (Rayner & Weatherall, 1957; 
Persoff, 1960), this adjustment is unlikely to be quite correct, but probably 
gives a better éstimate of the total influx than the unadjusted figures. The 
adjustment enlarges the difference between control and treated auricles 
because, as is shown below, the efflux rate constants are increased by 
noradrenaline and adrenaline and so k/(1—exp (—k7’)) is also greater. 
When allowance was made for the different intracellular potassium con- 
centrations and the accelerated efflux rate constants, the mean rates of 


uptake of “*K in noradrenaline-treated left auricles were 80° higher, and — 


in adrenaline-treated left auricles 55° higher, than in the controls. Both 
increments are significant (P < 0-05). The increased influx was greatest 
in the auricles which had started to beat, but it occurred also in those 
which remained quiescent. In right auricles the corresponding mean 
increases in the rate of uptake of ““K were 37 and 31% in noradrenaline- 
and adrenaline-treated auricles respectively, and again were significant 
(P < 0-01 in each case). 

Differences between the rates of uptake of **K in auricles treated with 
the two amines did not suggest any appreciable difference in potency, but 
the number of experiments in which direct comparison was made was 
small (n = 3). | 


Outward movements of *2.K 


Tables 2 and 3 show results of individual experiments during which 
measurements were made of the rate of loss of “K from left and right 
auricles respectively. As Fig. 1 shows, irregular departures from linearity 
were small and lines through the points were fitted by eye. It has been 
shown by Rayner & Weatherall (1957, 1959), Klein & Holland (1958) 
and Persoff (1958, 1960) that whereas the early efflux of ##K from untreated 
left auricles follows an approximately linear course when plotted semi- 
logarithmically, the rate of loss of “K from untreated right auricles declines 
rather rapidly. The efflux rate constants of the control auricles in Tables 2 
and 3 illustrate this point, as does Fig. 1, which shows the effect of 10-°m 
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noradrenaline on the rate of outward movement of “2K in a left and a right 
auricle, It is therefore appropriate to compare the rate constants of 
treated auricles with those of controls in the same period as well as with 
those of the auricles themselves in the period before treatment. In left 
auricles.there is anyway a clear acceleration of efflux of @K by noradren- 
aline, by about 55% (P < 0-01), and to a less extent by adrenaline 


100 


1:30 


“Kk remaining in auricle (% of initial) _ 
T 


i 

Noradrenaline 


Minutes 


Fig. 1. Influence of noradrenaline on efflux of “K in left (©) and right (@) 
auricles, Noradrenaline was infused to give a final concentration of 10 ym during 
the middle 20 min period. The numerals above and below the two lines give the 
appropriate rate constants (in 10-* min~'). Expts. 16L and 16R. 


(31%, P = 0-05), This effect occurred whether or not spontaneous beating 
started, and persisted slightly after the end of treatment, as is shown by 
the higher values for treated than for control auricles in period (3). The 
acceleration of “*K efflux recurred in those experiments in which treatment 
was repeated (Table 2, last col.), and it was also observable in two auricles 
(8L, 9L) in which beating was maintained by electrical stimulation before 
and during administration of adrenaline. In right auricles, with the rapid 
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decline in the rate of ““K efflux in control tissues (Table 3, Expts. 2R and 
3R), less increase might be expected from treatment, and in fact the 
mean rate (0-023 min-!) during period (2) for adrenaline-treated auricles 
was lower than in the preceding period, though higher than in control 
auricles (0-021 min=): the difference is not significant but probably real 
in view of other findings. With noradrenaline a more definite acceleration 
of efflux was observed, with an efflux rate during treatment appreciably 
higher than before, and as before some persistence of the effect in the 
period after treatment. | 


| Estimation of potassium fluxes 

_ Estimations of potassium fluxes, both inwards and outwards, are given 
in Table 4 for left and right auricles. In order to convert rate constants into 
fluxes it is necessary to obtain an estimate of the total surface area of the 
cells. This has been derived from the tissue dimensions by the method 
described by Rayner & Weatherall (1957). A correction for delays due to 
diffusion (Keynes, 1954) i irable, but this introduces some uncertain- 
ties, particularly as diffusion effects may not be the same in quiescent and 
beating auricles. For this reason, the flux values given in the table and 
text have not been corrected for diffusion, and they are probably under- 
estimates. To obtain values corrected according to Keynes from these 
apparent fluxes they must be multiplied by factors varying in different 


instances from 1-1 to 2-2, depending on the size of the tissues and on the 


magnitude of the rate constants observed. 

Final potassium concentrations in the untreated auricles were within 
the range observed by Rayner & Weatherall (1957) for fresh auricles. 
Because of this, and because the efflux of “*K from quiescent left auricles 
hardly deviates from a single exponential course, the conventional method 
of estimating potassium fluxes in these auricles is justifiable. In contracting 
right auricles, where the efflux of 4#K does not follow a single exponential 
course, and in noradrenaline- and adrenaline-treated auricles which have 
gained potassium, it is possible that a larger error is introduced into 
estimates of the fluxes made in this way. In untreated left auricles the 
mean inward flux was estimated to be 3-8 pmole/cm?.sec, while the mean 
_ outward flux in the first 20 min of efflux was estimated to be 4:7 pmole/ 
_cem*.sec. These fluxes are slightly smaller than the uncorrected fluxes 
obtained by Rayner & Weatherall (1959) under identical conditions, except 
at a temperature of 37°C. Rate constants at 29° C are consistently lower 
than those at 37° C, which would account for the smaller fluxes obtained 
at the lower temperature. The corresponding values for untreated con- 
tracting right auricles were 7-9 pmole/cm?.sec (inwards) and 10-3 pmole/ 
cm?.sec (outwards, based on the rate constant obtained in the first 20 min 
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of efflux). In view of the curvature of the semilogarithmic plot of the 
éfiux in right auricles, these figures are based on a somewhat uncertain 
foundation and as there is no evidence of net changes in the potassium 
content of the right auricles, the true values for influx and efflux probably 
do not differ as much as these figures suggest. 

It may be provisionally assumed that part of the flux in right auricles 
takes place through the resting membrane, and that this proportion of the 
total flux occurs at the same rate as the flux in left auricles. If the resting 
- flux, i.e. the flux in left auricles, is subtracted from the total flux in right 
auricles, the remaining flux may be attributed to the movement through 


Taste 4. Estimated K fluxes in left and right auricles 


Influx Efflux 
No. of (pmole/em*.sec; No.of (pmole/em*.sec; 


Treatment expts. mean + S.E.) expts. mean + 8.£.) 
Left auricles 
Control (a) 8 3-8 +0-2 9 4-7+0-3 
Control (b) 4 4-2+0-3 
Noradrenaline (b) 7 7:3+1-4 5 7-0+0°5 
Adrenaline 5 6-2+0-7 4 5-4+0-4 
Right auricles 
ntrol (a) 8 7:9+0-4 10-3 + 0-7 
Control (b) 2 8-4+0-2 
Noradrenaline (b) 6 10-6+0°5 4 11-9+0-9 
Adrenaline (b) 5 10-9+0-9 9-2+1-0 


These estimates of influx are based on the rate constants for the first. 20 min uptake of 
tracer, either in control conditions or using 4x 10-°m noradrenaline or adrenaline. The 
estimates of efflux are based (a) on the rate constants for the period 5-20 min of loss of tracer, 
in control conditions or (b) on the rate constants for the period 20-40 min of loss of tracer 
either in control conditions or with from 3 x 10-* to 7-5 x 10-* m noradrenaline and adrenaline. 


the active membrane. From influx determinations this value was. esti- 
mated to be 4-1 pmole/cm?.sec; from efflux. determinations it was 
5-6 pmole/em?.sec. As the rate of beating averaged 1-82 beats/sec in the — 
experiments considered here, the extra flux per beat was estimated to be 
2-25 pmole/em?. beat using influx, or 3-07 pmole/cm?.beat using efflux 
determinations. 

The effect of treatment of left and right auricles with noradrenaline and — 
adrenaline was to increase both inward and outward potassium fluxes 
_ (Table 4). The drugs were generally applied during the second 20 min 
period of efflux when the control rate constants were declining from their 
initial values, especially in right auricles. Estimates of fluxes for control 
tissues derived from the rate constant in the second 20 min period are 
therefore included in the table for comparison. As Table 4 shows, both 
amines increased inward and outward fluxes. On the whole, the influx 
rates were increased more than the efflux rates, as would be expected 
from the observed net gain of potassium in tissues treated with adrenaline 
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or noradrenaline. As the estimates involve various approximations and in 
the control auricles do not give as close agreement between influx and 
efflux as is indicated by the observations on the total potassium content of 
the tissue, exact agreement between flux difference and net gain ‘is not 
to be expected in the treated tissues, but the general trend of the results 
does not suggest inconsistency between the various estimates made. 

If it is assumed, as before, that the difference between the outward 
fluxes in left and right auricles during treatment gives an estimate of the 
flux through the active membrane in right auricles, then an estimate of 
the extra flux can be obtained in noradrenaline- and adrenaline-treated 
right auricles. These differences were 4:9 and 3-8 pmole/cm?.sec respectively 
for noradrenaline- and adrenaline-treated auricles. The mean rates of 
contraction of noradrenaline- and adrenaline-treated right auricles were, 
respectively, 2-09 and 2-30 beats/sec, so that the estimated extra outward 
fluxes per beat were 2:34 and 1-65 pmole/cm?.beat respectively. These 
figures are somewhat smaller than the estimated extra outward flux per 
beat in untreated auricles, but the difference is probably not larger than 
might be due to approximations used in making the estimates. It. can 
reasonably be inferred that the extra outward flux of potassium found in 
treated right auricles is partly accounted for by the faster rate of contraction 
during treatment (14-20%), since there is little indication that the flux 
per beat is altered by treatment with the amines. However, much of the 
increase in rate of loss of potassium is shared by left and right auricles, 
and may be caused by an increase in permeability of the resting cell 
membrane to potassium ions. 


| DISCUSSION | 
Evidence has been presented that adrenaline and noradrenaline ac- 


celerate both inward and outward potassium movements from left and _ 


right auricles, and that these changes are accompanied by a small gain 
in potassium by the treated auricles. The mean potassium content of the 
treated auricles was increased, but only by 6-10 % ; and this increment was 
not sufficient to account for the 30-55 % acceleration of outward movement. 

Any alteration in permeability would be expected to produce effects on 
the electrical behaviour of the cell membrane. Adrenaline increases the 
slope of the diastolic prepotential in pace-maker cells (which may partly 
account for its acceleration of contractions in right auricles), and is 
capable of making cells adjacent to the pace-maker region develop dia- 
stolic prepotentials (West et al..1956). It is possible that the quiescent 
left auricles which showed increased potassium movements after treatment 
possessed some cells which developed these subthreshold depolarizations 
and that in the auricles which started to contract these prepotentials were 
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large enough to fire off action potentials: but it is not known at present 
how far subthreshold changes in potential are associated with measurable 
effects on potassium movements. 

As in smooth muscle (Born & Biilbring, 1956), inward potassium move- 
ments were increased more than outward movements by the catechol- 
amines, indicating that the mechanisms for the active, inward transport 
of potassium must be stimulated either directly or indirectly by these 


agents. Adrenaline has been demonstrated to promote glycogenolysis 


both in cardiac slices (Ellis, McGill & Anderson, 1957) and in isolated 
perfused rat hearts (Hess & Haugaard, 1958). It has now been demon- 
strated that adrenaline stimulates the formation from adenosine tri- 


phosphate of a cyclic mononucleotide, adenosine-3’,5’-phosphoric acid, 


which appears to catalyse the formation of phosphorlyase-a, the 
active form of the enzyme, from the inactive form, phosphorylase-b (Rall 
& Sutherland, 1958). No relationship has been established between this 
sequence of events and other effects of adrenaline, but it would be un- 
likely that this stimulation of metabolism would not affect other processes 
going on in cardiac tissues. 


SUMMARY 
1. The effect of adrenaline and noradrenaline on potassium movements 


in isolated rabbit auricles has been determined. 


2. The influx and efflux of potassium were increased by adrenaline 
and noradrenaline (3 x 10-*-7-5 x 10-'m) in beating right auricles and in 
quiescent left auricles. The effect on influx was slightly greater than that 
on efflux, and net gains of potassium were observed in treated auricles. 

3. Quiescent left auricles sometimes started to beat spontaneously 
during or after exposure to the amines, but increased potassium movements 
occurred without these mechanical effects, or before they appeared. 

4. The total increase in the potassium fluxes is considered to be due to 
two factors, an increased flux through the resting membrane and a faster 
rate of beating. There is no evidence that more than normal amounts of 
potassium are exchanged at each beat under the influence of either amine. 

The expenses of this work have been met in part by a grant from the Medical Research 
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KINETICS OF EXCHANGE AND NET MOVEMENT 
OF FROG MUSCLE POTASSIUM 
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The exchange of the potassium of frog skeletal muscle has been studied 
over some ten years by means of the isotope **K (Harris & Burn, 1949; 
Harris, 1952, 1953, 1957; Keynes, 1954; Carey & Conway, 1954; Hodgkin 
& Horowicz, 1959). The movement has usually been regarded as being 
limited by a resistive membrane not possessing any adsorption capacity 
for the ions. This assumption leads to the use of an exponential/law to 
describe the time course of the process. However, it has been repeatedly 
found with frog (Harris, 1953; Carey & Conway, 1954) and other muscles 
(Creese, 1954; McLennan, 1956) that at least two exponential terms are 
required to fit the whole of the observations. There is initially a more 
rapid movement than would be expected from the later exponential 
process ; the initial movement lasts some 20 min. When muscles have been 
loaded with some *#K but full exchange has not been reached, the move- 
ment of tracer into an inactive solution having an equal K concentration 
can only be made to agree with the uptake on the exponential formulation 
if less than the whole of the muscle K is assumed to participate in the 
exchange (Harris, 1953). 

It has been suggested that some of the anomalies met when applying the 
exponential formulation to experiments made on whole muscles should be 
attributed to the effect of extracellular diffusion (Hodgkin & Horowicz, 
1959), and it has also been considered (Carey & Conway, 1954; Creese, Neil 
& Stephenson, 1956) whether variable fibre size could account for them. 
Computations made from fibre-size data for the whole muscle do not, 
however, permit the kinetic behaviour to be explained completely on this 
basis, as has been stated by these authors and by Harris (1957). The effect 
of extracellular diffusion (as a major factor) has also been dismissed by 
Carey & Conway (1954), who showed that it could not lead to curves 
agreeing with their observations. Hodgkin & Horowicz (1959) pointed 
out, in discussing their single-fibre experiments, that they had not followed 
the loss of tracer in the early part of the washing-out process ; hence there 
has been no demonstration that one exponential suffices to fit even single- 
cell results. 
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In an attempt to fit the kinetic data, Harris (1957) proposed that the 
movement of the ions was limited by a combination of surface resistance 
and low internal diffusivity. A modified model is now proposed in which 
the slow diffusion is limited to an ‘outer region’ of the cell, which has a 
definite capacity for K ions determined by its possession of fixed anionic 
charges. This model allows the kinetic results of K-exchange experiments 
to be explained. K+ exchange has to be distinguished from net movement 
of K+ which occurs either along with an anion or in exchange for Na‘. 
By choice of suitable conditions the processes can be measured separately 
and shown to approximate to the total observed when two take place 
together. 


The laws governing exchange and net movement differ, exchange being 
a consequence of thermal agitation alone, while net movement takes place 
down a gradient of chemical potential produced either by adding KCl or 
as a consequence of metabolic activity. All exchange—time curves can be 
reduced to a single one by the expedient of plotting amounts of exchange 
against the product (applied K concentration x time) for a given tempera- 
ture. This result has already been mentioned briefly (Harris, 1960). 


METHODS 


The measurements of the uptake of **K from various media were carried out on sartorius, 

or (rarely) semitendinosus muscles weighing 50-75 mg, from Rana temporaria. It was 
confirmed in parallel experiments that the two muscles gave similar results so long as their 
K+ contents were about equal. The tracer potassium was obtained as bicarbonate, this 
being used to prepare mixtures having either penetrating anions (chloride) or non-penetrating 
anions (methyl sulphate, phosphate). The usual chloride-bicarbonate solution contained, 
‘in addition to the K+ concentration specified in the text, (mg ion/l.) Na+ 110, HCO,- 20, 
Cl- 94+number of mg ion K* present. Ca*+ was added to a concentration of 2 mg ion/I. 
“At the working pH (7-2), bubbling with 95% O, + 5% CO,, the HCO,~ concentration would 
be in equilibrium with about 1-4 x 10-* mg ion/I. of CO,?- (the second dissociation constant 
of carbonic acid being taken as 4-4 x 10-"). This carbonate concentration might be expected 
to limit the Ca*+ concentration to 0-65 mg ion/l. because of the small solubility product of 
CaCO, (9 x 10-* (mg ion/I.)*), but the precipitation was delayed as long as the solution did 
not become more alkaline. 

Freshly dissected muscles gained up to 10% in weight after immersion for a few minutes 
in the mixtures; after this the weight remained constant. It appears that the relative toni- 
cities of the plasma and the saline mixture may be an important factor in determining 
whether the muscles maintain their K+ content. A slight reduction of the tonicity reduces 
the concentration at which the internal K*+ must be held and entails less energy expenditure 
to bring about a net gain. If the sodium salt concentration was made 120 mm the gain in 
weight was avoided, but the muscles then gained Nat and lost K+ to media having low K* 
concentrations (Harris, 1957, fig. 7). 

In a few experiments solutions having (mg ion/l.) Na++Kz+ 110, Cl- 92, HCO,~ 20 and 
Ca*+ 1 were used. When the K* concentration exceeded 10 mg ion/l. in such mixtures there 
was considerable swelling, which was used to follow the entry of KCl. 

_ To observe the exchange of K* in media from which no gain of KC) could occur, solutions 
of salts of non-penetrating anions were used. The most satisfactory mixture was one 
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containing the methyl sulphates of Na+ and K+ with (mg ion/l.) Na++K+ 110, methyl 
sulphate anion 90, HCO,~ 20; Ca acetate = 2mm. Other solutions used, and referred to 
in Table 1, were: ‘bicarbonate’ (mg ion/l.); Nat+K+ = 110, HCO,- = 110, ionized Ca 
estimated as before 0-01; ‘phosphate’ (mg ion/l.) Na++K+ 142, phosphate (equimolar 
H,PO,~ and HPO,?>) 95, ionized Ca 0-03, estimated from the solubility product of CaHPQ,. 

The tracer entry was found for measured times of immersion in one or other of the - 
solutions made up with a proportion of “*K and was assayed under a Geiger tube. Before 
each assay the muscle was blotted on clean filter paper previously moistened with an in- 
active solution otherwise similar to the test solution. In some earlier experiments also used 
in the results a timed wash of 15sec had been given before each assay. However, the 
blotting procedure was found to be less troublesome, and it avoids removing part of the 
“K at each assay. The question of whether to include the counting time as part of the 
exposure to the active solution in the recent experiments was resolved by computing the 
exchange occurring in 1 min and comparing this with the amount of K+ carried in an 
extracellular space amounting to 10%. With 2 m-equiv K/. at 20° C the exchange between 
the eighth and ninth minutes is about 0-28 pequiv/g while extracellular K is 0-2 pequiv/g. 
Between 24 and 25 min the exchange amount is reduced to about a half, that is, to 0-14 equiv. 
In higher K concentrations the ratio (amount exchanged in a given minute interval)/ 
(extracellular K) falls, because (as will be shown) the exchange varies as the root of the 
concentration but extracellular K is directly proportional to it. Hence we have regarded 
the counting time as being part of the exposure time. In some experiments, after longer 
times so that the rate of change of tracer content was low, we made two counts of the 
muscle, turning it over between each count. Such readings differed by little more than 
5% or the statistical error of the assay. | 

At the end of each experiment the muscle was divided up and the fragments covered with 
1 ml. dilute nitric acid. After digestion the radioactivity was compared with that of a 
suitable dilution of the soaking solution to establish a cross calibration. The tissue fragments 
and fluid were then made up to 15 ml. with water and kept for at least 16 hr. The super- 
natant fluid was analysed by flame photometry for Na+ and K+. It was confirmed that this 
treatment removed all the tissue K*; it left 1-2 m-equiv Na*/kg original weight associated 
with the debris. The analyses are estimated to be accurate to +2%,. 


THEORETICAL 


Our results are presented in terms of a particular model which will be 
described before giving the experimental observations. The model was 
chosen to explain an empirical relation disclosed when the exchanges were 
examined over a wide range of concentrations. 

The exchange of the cellular K+ is regarded as a process distinct from 
that of net movement. The exchange as such can only be measured under 
conditions chosen so as to avoid net movement. Exchange is supposed to 
involve two processes; the first is an exchange with ions adsorbed near 
the cell surface (which may include the reticulum), and the second is 
diffusion inwards from the source provided by the adsorbed ions at the 
same time as an equal outward diffusion of the internal ions. The model 
is essentially a ‘three-compartment’ one, with the intermediate compart- 
ment having ion-exchange properties and within which movement is slow, 
so that it is the analogue of the resistive membrane. 
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Let us first examine the kinetics of exchange of ions held in a thin layer 
and uncomplicated by the presence of an internal reservoir. Suppose there 
are N sites all holding ions, some of which have been exchanged; these 
latter are denoted K%, so N-K% are unexchanged. Given a favourable 
collision between an ion in solution and an adsorbed ion, an interchange 
occurs. If tracer is applied at concentration [K?7] and the solution is kept 
free from the desorbed ordinary ions, one can write for the rate of tracer 
uptake by, say, unit area of the layer 


dK2/dt = k[K7] (N-K2), where is a constant. (1) 
This simple equation has two interesting properties: first, it integrates to | 
Ki = N(1—exp(—kK%)), (2) 


so that the rate constant (KK,) for equilibration varies linearly with [K,]; secondly, the 

course of uptake simulates movement through a resistance because it can be written as 
dKz/dt = kN(Kz —fKz), where f is K7/N. If ‘f’ be regarded as an activity factor acting 
on the adsorbed ions in proportion to the concentration of K+ applied, then kN corresponds 
to a ‘permeability’, though i in fact we have to do with adsorbed ions and not with membrane 
penetration. 


When an ion-exchange layer such as this separates the solution from 
more ion exchanger, then adsorbed tracer ions can be lost by exchange 
against non-tracer ions in the next sites. Loss of tracer to the interior will 
delay the equilibration of the outer adsorption layer. The two extreme 
conditions which can arise are (a) when the outer-layer ions exchange 
with those in the solution much more rapidly than they exchange with 
internal ions, and (b) when the internal movement is so rapid that the rate 
of passage through the surface rather than its rate of equilibration deter- 
mines the progress of the exchange. Case (b) is the classical ‘resistive 
membrane’ which gives rise to a first-order kinetic law. 

The results,we obtain, like those of Harris (1953), are not fitted by a 
single exponential law. They can be approximated by adding two exponen- 
tials (Harris, 1953), but turnover in the lower concentrations of potassium 
does not then appear to apply to the whole of the tissue potassium. This 
partition into fractions is unnecessary if the consequences of assumption 
(a) are followed, because the course of diffusion through the exponentially 
equilibrated layer requires a series of exponential terms to describe it. 
Furthermore, the layer provides a region where interference can take place, 
so that a cell undergoing a net loss of K+ can maintain a low tracer 
concentration within its outer region and so impede equilibration of its 
interior. Another way by: which equilibration of the outer layer can be 
hindered is to add another species of adsorbed ion, such as rubidium. The 
kinetics of K+ uptake from. K++Rb+ mixtures have been examined and 
will be described elsewhere, but it is relevant to state here that the addi- 
tional ions have two effects: (i) they change the rate of equilibration of the 
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tracer with the surface sites, and (ii) they reduce the total number of sites 
finally occupied by tracer. 


‘It is useful to examine the applicability of the ordinary diffusion law to movement taking 
place only by interchanges of position between ions adsorbed on sites in the postulated 
ion exchanger. Suppose there are N sites per unit volume. At one boundary of a thin 
layer of thickness 5x let the adsorbed tracer concentration be K? so that the local concentra- 
tion of unexchanged adsorbed ions is N—K%. At the other boundary in the direction of 
normal to the tracer gradient, the tracer concentration will be K7+ 8z. dK2/dz, and the 
unexchanged ions will have concentration N — Kz - §x.dK2/dz. The net rate of movement of 
tracer across unit area of the layer is given by the difference between the rates of forward 
and backward interchange. That is: 

dn/dt = k’. (N — KG —k’(Kj + 8a.dKz/da)(N—Kz) = 
Now the velocity constant for interchange, k’, operates here for an inter-site separation of 
3x, which is the distance involved in each interchange. To find the rate of progress, k’ can 
be replaced by @ new constant, « (= k’dxr), giving the constant for interchange over unit 
length. Then dn/dt = —xNdK3/dx. Comparing this with the Fick equation for diffusion 
across unit area we see that xN is equivalent to the diffusivity. Hence we can use the 
ordinary diffusion laws with constant diffusivity so, long as «N remains constant in the ion 
exchanger. 


On the basis of the approximation of the surface build-up of adsorbed 
tracer to a simple exponential process, it is possible to proceed to examine 
the time course of diffusion into the cell interior. Diffusion into simple geo- 
metric shapes from a concentration which obeys the law C = C,, (1-exp(-ft)), 
has been examined by Crank (1956). If his curves are replotted 
against the quantity (At)? it turns out that the progress of equilibration 
is nearly independent of the internal diffusivity D and the dimen- 
sions, provided the ratio r?8/D (r is radius of cylinder or sphere, or 
half-thickness of sheet exposed both sides) is less than unity. This state- 
ment can be confirmed by reference to Fig. 1, in which the curves are 
replotted from Crank’s Fig. 5.4 for the cylinder. The figure shows that 
changing r28/D from 0-01 to 0-5 only alters the value of (ft) at half 
equilibration from 0-82 to 0-87, and the slopes of the nearly linear parts 
of the curves are closely similar. This result makes it appear that when 
diffusion occurs from an exponentially built-up concentration having rate 
constant B, the expedient of plotting against some function of ft approxi- 
mates all curves to one, provided the above restriction on r?8/D is met. To 


equilibration may be compared: (a) for 8 = 0-1, sheet 0-50, cylinder 0-49, 
sphere 0-48; (b) for B = 0:5, sheet 0-61, cylinder 0-53, sphere 0-51. At 50% 
equilibration the sets of values are even closer. Because D is unimportant 
(except in determining the restriction on r?8/D) we may infer that a system 
having within the exponentially built-up layer a region with one diffusivity 
surrounding a further region with another diffusivity will be indistinguish- 


able from one with a homogeneous interior. 
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According to the model which has been proposed, the value of 8 will be 
proportional to the applied concentration [K,] (since 8 = kK,). Hence 
the uptakes of radioactivity which measure the progress of equilibration 
of the nearly constant K+ content of normal muscles should lie on a single 
curve when plotted against a function of kK,t. To use the experimental 
results in this way, the readings of muscle radioactivity were converted to 
quantities of potassium of specific activity equal to that applied in the 
relatively large volume of test solution. Variation of external specific 
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Fig. 1. Theoretical curves for the equilibration of a cylinder by diffusion from a con- 
centration which rises according to the law C = Cy...0.)[1—exp(— ft)]. The numbers 
against the lines are the ratios r?8/D, where r is the radius and D is the diffusivity. 
Note that the abscissal scale is (ft)!. (Replotted from curves given by Crank, 1956.) 


activity during the run was ignored, since it was less than 2 %. The quanti- 
ties of labelled potassium were divided by the weights of the muscles 
measured before exposure to the normal saline mixture to obtain contents 
per gram of tissue. Some variability is introduced here because the ratio 
of K* content to weight depends on such factors as the age and nutritional 
state of the animal. A starved animal is likely to have muscles with 
relatively higher proportion of connective tissue than a well-nourished one ; 


on this account the amount of exchange per unit weight in a given interval 
of (K, x time) will be reduced. 
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RESULTS 
Potassium exchange 


It is difficult to observe the exchange of potassium without some con- 
comitant net movement. When the external K+ concentration is reduced 
to less than 3 mm there is a gradual K+ loss, and when the applied con- 
centration exceeds about 10 mm a net gain of KCl occurs from chloride- 
containing media. The exchange measurements made in the media with 
low K* concentrations may have been accompanied by net losses of up 
to 10 pequiv K/g tissue in an experiment lasting 4-5 hr (see analyses in 
Table 1). Net gain from the high K+ media was prevented by making the 
measurements in solutions of anions which, as judged by their not causing 


TaBLE 1. Slopes of the linear parts of the K+ exchange curves obtained when exchange 
(ug ion/g) is plotted against (K+ concn. (mg ion/I.) x time (min))t. The linear part is con- 
sidered to be between 8 and 60 yg ion/g exchanged. Final K+ contents at the ends of the 
experiments are noted ; these have been corrected for the amount of K+ carried in an extra- 
cellular space of 0-1 ml./g 


| 


Major anion  eontent Major anion content 
(mg ion/1.) K, (pgion/g) Slope (mg ion/I.) K, (pgion/g) Slope 


Experiments at 0° C 


0-5 Phosphate 95 4 77 0-6 

98 4 179, 88 0°55 95 8 65 0°55 

102 8 89, 100 0-6 95 25 81-5 0-55 

95 40 81-5 O65 
Methyl] sulphate 90 4 64 0°5 
90 0:6 
90 25 88 
90 50 94-5 0°5 
90 100 105, 106 0:55 
Bicarbonate 110 50° 92 0-55 
110 90 99 0°55 
Mean 0-55 


Experiments at 20° C 


Chloride 95 lL 62 (0-8)* Phosphate 95 2 60 0-9 
96 2 71, 80 1-0 95 4 64,61 1-0 
97 3 85°5 1-1 95 8 88,78 1-0 
98 4 80,90,76 1-1, 1-1, 1-0 
102. 8 90-5,81-5 1-0, 1:1 
Methyl sulphate 90 2 61, 70 1-1, 0-9 
4 78, 85 1-0, 1-1 
90 90, 72,72 1-1, 1:15, 1-0 
90 25 88-5 0-95, 1- 
90 50 38699 0-95 
90 100 94-5, 105 0-90, 1-0 
Bicarbonate 1 62 (0-8)* 
110 100 = 103, 106 0-9, 1-1 
Mean 1-02 


* Not included in mean. 
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swelling when applied as K salts, do not enter the cells. In these media 
the muscles did show a rapid but limited net K+ gain which appeared to be 
the result of displacement of extracellular Na+. The rapid K+ movement 
was complete in a few minutes; it has been demonstrated by transferring 
a muscle previously exposed to a high concentration of labelled K* to a 
solution having a lower concentration (Harris, 1952, Fig. 1). In what 
follows it is assumed that the rapid movement corresponds to equilibration 
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Fig. 2. The exchanges of K observed at 20° and 0° C in solutions with various K+ 
concentrations when net K+ movements were small or absent. The anions used 
are listed in Table 1. Symbols (numbers are K+ concentrations in mg ion/I.): 
@, 1; ©, 2; O, 4; @, 8; &, 25; @, 50; @, 100. The K+ content of the fresh 
muscles was 85+ 5 pequiv/g and this figure allows approximate conversion of the 
ordinates to percentage exchanges. , 


of an extracellular space equal to 0-1 ml./g tissue. This value is close to 
values (around 13%) found by use of inulin (Boyle, Conway, Kane & 
O’Reilly, 1941; Desmedt, 1953). After subtraction of the presumed extra- 
cellular K*+, the amount of labelled K+ was plotted against (external K~ 
concentration x time in min)? (Figs. 2 and 3). So plotted, the points for 
most exchange experiments fell along a single curve for a given temperature. 
Provided there had been neither gain nor loss of K+ during the experiment, 
other results fell on lines nearly parallel to the curve appropriate to the 
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temperature. By assuming an extracellular space other than 0-1 ml./g 
tissue such points could be made to fall along the standard curve. The 
details of the solutions used are given in Table 1, together with final K+ 
analyses (adjusted for the extracellular K+ present in 10% space). In 
addition, the values are given of the slope of the linear part of the curve 
obtained by making a separate plot on a suitable scale. The linear part 
was taken as extending from 8 to not over 60 ug ion K exchanged per 
gram of tissue. The values for slope are obtained without any deduction 
of extracellular K+ from the experimental figures. 
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Fig. 3. A similar plot to Fig. 2 permitting use of more experimental points; these 
- were obtained in media with from 1 to.25 mg ion K/l. Points from 2 mg ion K/l. - 
- extend to ({K,]xt)# = 25, and those for higher concentrations cover the whole 
range of abscissae. Symbols: O at 20° C, @ at 0° C. 


Most earlier descriptions of tracer experiments have been presented 
with logarithmic plots of their time courses. Since we are concerned to 
show that the exchange is determined only by the product (K+ concentra- 
_ tion x time) at a given temperature, we have plotted on a logarithmic 
. rR} against K, x time (Fig. 4). The lines are drawn 
from the 20° C curves of Figs. 2 and 3, with an indication of the spread 
of the points. The figure used for total K content was 85 pequiv/g: this 
was based on 12 analyses of fresh tissue (s.p. +5). The higher values of 
K+ content in Table 1 associated with immersions in high K* concentra- 
tions may be explained by there being more extracellular K* than was 
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allowed for in these specimens. It is useful to inquire what effect the 
extracellular K+ correction may have had on the logarithmic plot. When 
up to 8 mg ion K/1. has been used, the extracellular K+ deduction has not 
exceeded 0-8 yg ion/g tissue; as compared with the tracer content at the 
commencement of the linear part of the ([K7] x ¢)' plot of, say, 8 wequiv/g, 
this is within experimental scatter. On the logarithmic plot this also 


1 —labelled K"/total K* 
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2000 4000 7000 
([K.} mg ion/I.) x (time in min) 


Fig. 4. A logarithmic plot of the 20° C curve of Fig. 2 indicating the spread caused 
by the scatter of the points. The total K+ was taken as 85 yg ion/g tissue. The points 
marked separately are for experiments made with 100 mg ion K/l. (Fig. 6C), 25 mg 
ion K/1. and 4 mg ion K/1. with no deduction of extracellular K+. The K+ contents, 
including extracellular K+, were 113 vequiv/g, 91 pequiv/g and 85 pequiv/g 
respectively. Symbols as for Fig. 2. 


applies to the right of [K*]xt = 200. To take the worst sees with 
100 mg ion K/l. present, one can use the (uncorrected) tracer K+ contents 
plotted in Fig. 6C for exchanges in a non-penetrating anion mixture with 
the appropriate final total K content (104 yg ion/g), to obtain points 
indicated on the figure and a few points from other runs, in 4 and 25 mg 
ion Kt/l. are also included. Evidently the extracellular K+ does not 
introduce more error than is to be expected in view of its probable variation 
between each observation with its associated blotting. 

The logarithmic plot becomes linear after the product [K+] x time 
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exceeds 900 mg ion/l.x min. Conventionally it has been usual to analyse 
such time courses in terms of two compartments, either in series or parallel. 
While our model also involves two compartments, the exponentially 
equilibrated outer region and the interior, the shape of the curve is 
determined by the solution to the appropriate diffusion equation and not 
by the capacities of the compartments, although the latter factor can 
modify the shape. Our model was selected to explain the observed de- 
pendence of exchange on the product [K+] x time; it would be surprising 
to find that the K+ in both compartments of any ordinary two-compart- 
ment system shared the property of exchanging to extents respectively 
determined by this product. It is worth mentioning that the apparent 


‘fast fraction’ of the exponential plot depends as for time course, but not 


as for amount, upon [K7]. One reason for preferring the plot against 
((K*]x time)? is that this avoids a deceptive division into ‘fractions’ 
having unequal exchange rates. 

Returning to the results, it must be repeated that when the cell K+ 
content at the end of the run was found to be lower than usual, the uptake 
slope was also often below the average value. It is likely that the slopes 
listed in Table 1 against 2 mg ion K/I. are low on account of K+ loss. 

The uptake curves of Figs. 2 and 3 only approximate to linearity when 
the product ({[K;] x time)* exceeds 20 u. at 0° C and 12 u. at 20°C. This 
means that to evaluate the slope a certain minimum time must elapse. 
Comparison of the curves for the two temperatures shows that by making 
((K*] x time)* at 0° C a factor 1-82 times the value at 20° C, the uptakes 
become equal within the experimental scatter. For a given concentration 
the time used at 0° C must be 1-82? = 3-3 x the time at 20° C. The constant 
‘k’ in the equation for surface equilibration is presumably increased 
3:3 times by warming to 20° C. 

The standard result obtained for exchange in various media allows 
comparisons to be made of changed conditions; for example, if uptake is 
carried on serially in media having unequal K* concentrations, the results. 
still fall along the standard curve when they are plotted against the square 
root of the sum of the appropriate ([K;] x time of exposure) contributions. 


Net. gain of KCl 

The best known method of causing a net gain of K*+ by muscle is to 
raise the KCl concentration in the external solution (Boyle & Conway, 
1941). There is then an entry of KCl tending to bring the values of the 
products [K+] x [Cl-] inside and outside the cell to equality. Analytical 
results of the K+ contents of muscles exposed for various times to raised 
K+ concentrations in presence of Cl- had a wide scatter; they indicated, 
however, that the uptake became nearly complete within some 40 min 
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at 20°C with 100 mm-KCl added to Na salts, while with 50 mm-KC! 
added, the uptake lasted for some 70 min. A more accurate indication of 
the time course of net change is afforded by use of swelling as a measure 
of K+ gain. The swelling which takes place in media having Kt replacing 
equivalent Nat allows uptake to continue beyond the limit which seems 
to be reached under non-swelling conditions. The swelling curves for 20° C 
and 0° C plotted against (time)? all have linear portions, but at 20° with 
50 mg ion K/l. a limit is reached at 25% weight increase (Fig 5A). This 
limit is surpassed at 0° C (Fig. 5B). Boyle & Conway (1941) also noticed 
that swelling was greater at the lower temperature and ascribed the 
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_ Fig. 5. The ratio (weight gain): (original weight) for muscles immersed in media 


having either 100 (@) or 50 (O) m-equiv Kt/l. replacing equivalent Na+. A at 
20° C, B at 0° C, 


difference to a deterioration of the muscle at the higher temperature. If 
by this one means a loss of internal solutes, the result can be explained. 
The same effect may be present in the 100 mm-K+ medium, but it is not 
seen in the swelling results, perhaps because so much KCl is gained that 
loss of internal solute is relatively unimportant. Owing to the different 
behaviours at the two temperatures it is not justified, nor indeed possible, 
to convert observed swellings into increases in K+ content by use of a 


single pair of figures for internal charges and et as used by Boyle 
and Conway. 
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Tracer K+ uptake when net KCl gain occurs 


Tracer uptakes from media containing 25, 50 and 100 mg ion K/L. in 
presence of Cl- were measured in a series of experiments shown in Figs. 6 
and 7. The figures also show curves obtained in methyl sulphate mixtures 
from which there is no net gain. The curves are plotted against (time)?, 
not ({K,] x time)*. Our model, with its ion-exchange outer region, does not 
allow prediction of the behaviour when the K ions can enter along with 
co-ions (Cl-) into the ion-exchange region. The additional K ions could 
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Fig. 6. Labelled K+ content—(time)? curves for uptakes at 20°C. Curve A (®) 
with 100 mg ion K/l. and 194 mg ion Cl/l., little swelling; curve B (©) with 100 mg 
ion K/l. and 94 mg ion Cl/l., swelling to 1-5 times original weight; curve C (@) 
with 100 mg ion K/l. and methyl sulphate anion; curve D (©) with 25 mg ion K/I. 
and 119 mg ion Cl/l., no swelling; curve EZ (@) with 25 mg ion K/I. and 94 mg ion 
Cl/l., swelling to 1-1 times original weight; curve F (() with 25 mg ion K/l. and 


methyl sulphate anion. 


Fig. 7. Labelled K+ content—(time) curves for uptakes at 20° C. Curve A (©) with 
50 mg ion K/l. and 144 mg ion Cl/l., no swelling; curve B (O) with 50 mg ion K/l. 
and 94 mg ion Cl/l., swelling to 1-17 times original weight; curve C (@) with 
50 mg ion K/I. and methy! sulphate anion. 
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either facilitate exchange of the adsorbed ions, or have no effect, or, if 
they pass through the adsorbed condition, might be part of the stream 
which normally moves along the adsorption sites. In the latter case tracer 
entry would remain at the same rate as in absence of KCl gain. It can be 
seen from the figures that in presence of Cl- more tracer enters the cell 
than from methyl sulphate under comparable conditions of time and 
[K+]. With more Cl- present (the non-swelling media), entry is for some 


TaBLE 2. Contents of labelled K+ after exposures to Cl--containing media and to media 
having the same K+ concentration but with non-penetrating anion (n.p.a.) for equal times. 
The figures (col. 4) are for the terminal points of the curves in Figs. 6 (A, B, D and Z) and 
7 (A and B) and appropriate interpolations from 6C, F and 7C. The differences between the 
final K+ contents determined by analysis are given in col. 6, the content in the n.p.a. 
solution remained nearly constant. The sum of the net gain and the labelled K content 


after exposure to the n.p.a. solution is given in col. 7 for comparison with the labelled K _ 


content measured after exposure to the Cl- medium, given in col. 4 


Labelled K+ contents Sum of 
Solution Net K+ gain exchange 
Time of After Cl- After n.p.a. in Cl- and gain 
exposure Kt mixture mixture mixture (5+ 6) 
(min) (m-equiv/1.) (ug ion/g original weight) 
(1) (2) (3) (4) (5) (6) (7) 
At 20° C 
66 100 195 128 78 69 147 
224 50 144 118 88 37 125 
196 25 119 79 63-5 14-5 78 
83 100 94 124 86 62 148 
186 50 94 103 84 29 113 
196 25 94 74 63-5 14-5 78 
At 0°C 
64 100 194 70 48 31 79 
216 50 144 62 56 10 66 
170 25 119 43 33 12 55 


time greater than from the solution with less Cl- present (the swelling 
media). Comparisons between the differences in K+ content of muscles 
exposed to the various media and the differences in final tracer K+ content 
are presented in Table 2. The analytical difference is subject to uncertainty 
because muscles exposed to methyl sulphate mixture do not all have the 
same K+ content for a given [K;*]; as mentioned in.connexion with the 
analyses in Table 1, this can be due to different extracellular spaces. This 
uncertainty in the 100 mg ion/l]. mixtures is as much as 10 pequivKt/g, 
so it is possible that the results in Table 2 are to be interpreted as meaning 
that the total tracer uptake is equal to the usual exchange plus the amount 
of net gain of K+ with Cl-. In any case, it is safe to say that the total 
tracer uptake approaches that expected for normal exchange plus the 
measured net gain; it may be that a small proportion of the ions which 
contribute to the net gain use the exchange path and hence reduce the 
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‘exchange’ contribution. It is helpful to regard the uptake as made up of 
contributions from exchange and net gain (along with anion) because this 
emphasizes the fact that electric charge cannot accumulate in the cell and 
keeps one aware of the need to consider the forces acting on the ions which 
must also move when a cation enters. Evidently when a K ion is lost for 
each one gained the interchange remains uninfluenced by an external 
electric field; when a K ion moves in with an anion (not, of course, in any 
bound or un-ionized state) the K+ movement must depend on the ease of 
anion movement. | 


pequiv total K+/g tissue 
8 
T T 


5 10 15 
(Time in min}! 


Fig. 8. The time course at 20° C (@) and 0° C (O) of the net movements of KCl 
from muscles which had been loaded for 2 hr at 0° C in a mixture having 50 mm-KCl 
and 110 mm-Na salts. The output curves are reconstructed from sets of analyses; 
the differences between successive points are accurate to about 5 %, the final points 
to +2 pequiv/g. The first point includes the contribution of extracellular KCl. 


Net loss of KCl from KCl-loaded muscles 


It has been observed that the time required to restore the resting po- 
tential of previously KCl-loaded muscles after return to normal saline is 
strongly temperature-dependent (Grieve, 1960). For this reason, it was 
thought of interest to examine the dependence on temperature of the KCl 


. loss; the question is whether there is a marked retention of KCl at 0° C. 


The results given in Fig. 8 show that the K+ content during washing in 
saline at 0° C remains about 7 »equiv/g in excess of the value to which it 


_ falls at 20° C. A similar result was obtained if the muscles had previously 


been loaded for 2hr at 20°C rather than at 0° C but then the 20°C 
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washing led to a continuing loss of the muscle K+. That the retention was 
of KCl rather than of the original K+ of the muscles was confirmed by 
chloride analyses. These were made on batches of muscles which had been 
loaded with KCl as before, but which were then washed in sodium methy] 
sulphate solution (0-11m) with 1 mm-Ca acetate. The final Cl- content of 
the tissue was found by electrometric titration of a dilute nitric acid 
extract. Muscles loaded for 4 hr at 0° C and washed for 130 min at 20° C 
retained only 3 pequiv Cl-/g, whereas at 0° C they retained 12 pequiv/g. 
Muscles loaded for 2 hr at 20° C retained 2-1 wequiv Cl-/g after washing 
at 20° and 8-6 wequiv Cl-/g after washing at 0°. The differences between 
these contents (namely 9 and 6-5 pequiv/g) are similar to the differences 
in K* content seen in Fig. 8. 


T 


= 


ug ion tracer/g tissue 


L 
10 20 30 40 50 


(([Ke] in mg ion/I,) x (time in min) 


Fig. 9. The uptake of labelled K+ at 20° and 0° C by muscles which had first been 
loaded with KCl by exposure to a solution having 50 mm-KCl added to 110 mm-Na 
salts for 10 hr at 0° C. The dashes indicate. where the respective uptake lines 
running through the points of Fig. 3 would be. In this experiment the external 
K* concentration during exposure to the tracer was 8 mg ion/l.; the anions were 
methyl sulphate plus bicarbonate. 


Tracer uptake when a net KCl loss is occurring 


If a muscle is first loaded with KCl by exposure to a mixture containing, 
say, 50 mm-KCl added to Na salts, and is then put into a solution with 
a lower tracer K concentration, there is an uptake of tracer along with a 
net loss of the extra KCl. Under these conditions the tracer uptake is less 
than the normal exchange amount (see Fig. 9, on which the standard curves 
are also indicated). After sufficient time has elapsed the tracer uptake 
curve approaches the usual exchange slope; the extra times required are 
30 min at 20° C and 125 min at 0° C in Fig. 9. These times could be equal 


to the periods during which the major part of the net KCI loss takes place — 


(cf. Fig. 8). This result shows that there is interaction between the net 
efflux and tracer ions seeking to enter the cell. This apparent contradiction 
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to the absence of influence of net gain on the exchange process at 20° C 
already described can be resolved. In the uptake experiments of Figs. 6 
and 7 the net gain came about because chloride was present; the rate of 
collision between tracer K ions and unexchanged sites appears to remain 
nearly the same at a given K+ concentration, so build-up of tracer on the 
sites has the same time course with, or without, the Cl-, and exchange is 
unaffected. On the other hand, presence of additional K+ within the cell 
will increase the number of collisions between emergent ions and the ions 
on the surface sites, so that adsorbed tracer ions will tend to be displaced 
back into the solution. Hence, so long as the rate of emergence of ions is 


abnormally high, the build-up of tracer at the surface will be hindered and 
uptake slowed. 


Tracer uptake when potassium is gained in exchange for sodium 

If a muscle is first depleted of K+ by storage in a K*+-free solution and 
it is then returned to a medium containing K+, there is, under some con- 
ditions, a net gain of K+ accompanied by a net loss of Nat (Steinbach, 
1940, 1951; Desmedt, 1953). According to Carey, Conway & Kernan 
(1959) and Conway (1960) the Na+ excretion (and also, we infer, the Kt 
gain) takes place either when the Na+ concentration is reduced from 120 m- 
equiv/l. during the depletion period to 104 m-equiv/l. during recovery 
with 10 m-equiv/l. present, or if the external K* is raised to over 30 m- 
equiv/l. at constant Na+ concentration. The use of high concentrations 
of K+ in presence of Cl- can cause net gain of KCl, and this is not the same 


as causing the cell to exchange Na+ for K+. It seemed desirable to examine 


the exchange of Na+ for K+ under conditions where net KCl gain can be 
excluded. We carried out both analytical and tracer experiments on 
muscles which had been K+-depleted down to contents of between 40 and 
60 pequiv/g by storage at 4° C in initially K-free solution with 120 mm-Na 
salts. After return to a mixture with 3-5 m-equiv K*/l. and 110 mm-Na 
salts, the net K+ gain was 16-5+ 4-0 yequiv/g tissue in 4 hr (mean and 
s.D. from 5 paired muscles). With only 2 m-equiv K*/I. present the change 
was 5:2+2-0 wequiv/g, which is not significant. No net gains were 
observed at 0° C, in agreement with Carey et al. (1959). 

The tracer uptake with 3-5 or 4 m-equiv K*/I. present in similar experi- 
ments was faster than normal, the uptake slopes being between 1-3 and 
1-9 (six experiments, mean 1-55) compared to 1-0 for controls (Table 1). 
Use of 2 m-equiv K+/l. gave a slope of 1-2 (3 experiments) which does not — 
differ significantly from our standard, although the fact that it is above 
the average does support the suggestion that, in absence of K* loss during 
the tracer uptake, the exchange slope found in : m-equiv K*/l. solutions 
would be higher than the values listed in Table 1. At 0° C the slopes found 


¥ 
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for depleted muscles were close to the normal value (0-55). It is interesting 
that the uptakes of tracer by K*-depleted muscles under those conditions 
where there was little net K+ gain, either because of temperature or con- 


centrations used, were close to the normal. If converted to fractional — 


exchanges, as they should be for comparison with fresh muscles, the result 
implies that the equilibration of the K+ of the low-K* muscles needs less 
time than does that of the high-K*+ muscles. This would not be unreasonable 
if the same area of outer region has to feed a smaller total amount of K* 
into the cell interior. 


Effects of Na and Ca ions on K*+ movement : 

At an early stage in this work we thought that Nat might be the 
principal competitor for the surface sites whose occupation by tracer K+ 
appears to determine the K+ exchange (Harris & Sjodin, 1959). However, 
experiments made in solutions with sucrose replacing part of the sodium 
salt did not disclose large effects. A difficulty lay in choosing the exact 
sucrose concentration to cause neither swelling nor shrinkage of the tissue 
and no net movement. Use of 30 mm-Na salts (20 bicarbonate, 10 chloride) 
and 6% sucrose led to slight shrinkage; uptake of tracer when 8 mm- 
KHCO, was added was the same (within counting errors) as into the paired 
muscle in a mixture with 110 mm-Na salts. When the same experiment was 
made with 5-5 % sucrose in the reduced Na+ mixture the slope of the tracer 
K uptake plotted against (K, xt) was 1-1 in the low-Nat+ and 0-85 in the 
normal solution. However in this second experiment the muscle from the 
normal solution-contained less K+ at the end of the run than did the other, 
so it is likely that the lower slope should be ascribed to an effect of K+ loss. 
Earlier experiments, mentioned by Harris (1957), in which periods in low- 
Na* mixture were interposed between periods in normal solution, failed 
to show any change of slope. The importance of tonicity in determining 
the retention of K+ by the cell has been shown analytically ; for example, 
by Shaw, Simon, Johnstone & Holman (1956, Table 7). It appears that the 
tracer-K+ uptake affords a sensitive indication of net K+ loss, since in 
several experiments in which a change was made from 110 mm-Na salts 
‘to 120 mm-Na salts during exposure to a constant tracer-K+ concentration, 
there was a slowing of uptake after the change. More extreme increase 


of Na salt concentration led to a fall of tracer-K+ content and analysis — 


confirmed that a net K+ loss had occurred. 


Another possible competitor for adsorption sites is calcium. It is 
doubtful whether the concentration of Ca ions is increased when more Ca 


salt is added to the solutions containing 20 m-equiv/l. of bicarbonate ion, 


so tests of 10 mm of Ca acetate added to methyl sulphate mixture were 
made with only 3 m-equiv/l. bicarbonate present. 
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Three double experiments on paired muscles in either Ca?+-free solutions 
or solutions with 1 or 2 mm-Ca salt showed no significant difference in the 
tracer-K uptake slope; a feature common to all experiments was that the 
line in Ca*+-free solution was displaced towards the origin, as if the muscles 
had gained 2-4 m-equiv/g more of a rapidly equilibrated fraction of K+. 
The effect of adding 10 mm of Ca acetate (as compared with 10 mm-Na 
acetate to the control) was to cause a slight diminution of the exchange 
slope—from 1-3 to 1-1 and from 1-0 to 0-8 in the two pairs of experiments. 
In these experiments all the muscles gained less than 5% in weight, but 
those from the high-Ca** solution had 4 equiv K/g tissue less total K at 
the end of the experiments than did the controls. Similar experiments 
made in the chloride-bicarbonate media with either 2 or 10 mm-CaCl, 
showed comparable differences in slope. Accordingly it appears that 
sufficiently raised Ca**+ has some slight hindering effect on K+ exchange 
irrespective of the bicarbonate concentration, but it is not excluded that_ 
the effect is attributable to a displacement of some of the muscle K+ by 
Ca**. 

DISCUSSION 
Comparison with other models 


The usual concept of a cell supposes a thin, highly resistive membrane 
of negligible capacity for substances bounding an interior within which 
diffusion is rapid compared with the rate of membrane penetration. This 
model leads to the first-order (logarithmic) law holding for the uptake of 
a substance from a fixed external concentration, but sufficiently early in 
the process the amount in the cell would be proportional to the product: 
K+ x time, where K+ is the applied concentration. After longer times the 
simple theory leads to the fractional amount exchanged being given by 
1-exp(-kt), where k depends on the membrane permeability. As already 
mentioned, it is necessary in practice to use two or even three exponentials 
to fit the observations (Harris, 1953; Troshin, 1960). Part of the cell 
K+ seems to exchange very slowly or not at all in media of low Kt 
concentration. 

Attempts have been made to apply the constant-field equation (Gold- 
man, 1943) to the quantitative interpretation of tracer movements. The 


theory assumes independent inward and outward movements of the ions, 


so no competition for occupation of adsorption sites would be permissible. 
It may, however, be of interest to calculate the relative ion movements 
expected from some chosen external K+ concentrations by means of this 
approach. As usually written the equation involves the external-internal 


potential difference V, but under exchange conditions the value of V 
RT, K 
must be the equilibrium potential for K ions, equal to ian : 


4 
| 
Rit 
ag] 
& 
| 
% 
= 


240 E. J. HARRIS AND R. A. SJODIN 
Making this substitution one obtains 


K influx = Peg in 
where P, is a permeability constant for potassium. 

Let us use this to find the relative times for a given small entey of tracer 
(small so that its efflux can be ignored). With K; = 140 m-equiv/l. and 
_ K, = 2, 10 and 100 m-equiv/l. the times stand in the ratios 1:0-3:0-07. 
The relative values of the times at 20° C for a certain exchange in each of 
the three media are readily calculated from our empirical relation between 
exchange and the product (K, x time); equal amounts of exchange in the 
three concentrations above will be attained after times standing in the 
ratios $:34;:;45 ice. 1:0-2:0-02. The constant-field values do not agree with 
the experiment. It is necessary to make the permeability P, an empirical 
function of K, (or potential difference) to obtain a fit. The theory does not 
lead to the prediction of behaviour under changed conditions; for example 
Sjodin (1959) had to make P, a function of the composition of the 
solution when Rb or Cs was present. 

An indication that a simple model is inadequate to simulate the be- 
haviour of the cellular potassium was obtained by Harris & Steinbach 
(1956) by applying water or sucrose extraction to muscles first exposed 
to tracer K+. It was found that the specific activities of the K+ in the 
extracts fell progressively; either separate fractions of unequal lability 
exist or the internal mixing is slow. | 

The present model attributes to the membrane, which may include the 


reticulum, an important capacity for ions. Comparison between the curves — 


of Figs. 1 and 2 leads to an estimate of about 10 yg ion/g being accommo- 
dated in the adsorption region; a better inference of the quantity has been 
obtained from the Rb experiments. Diffusion into the rest of the cell from 
the ion-exchange surface may all be a matter of intersite exchanges, or 
in some parts free diffusion may occur. Given that the outer part of the 
adsorption material has a constant capacity for K (and K-like) ions and 
that interchange depends on collision rate, hence on concentration in 
solution, our first result is explicable. This contrasts with the law governing 
diffusion into a volume of ion exchanger or water where a given, constant, 
concentration is applied throughout the diffusion; under these conditions 
the amount entering is initially proportional to the product (concentration 
applied) x (time)?, a relation used for example by Eggleton, Eggleton & 
Hill (1928) to relate the quantity of lactic acid diffusing into or from muscle 
with time and concentration. Strictly, the simple relation holds for a 
semi-infinite volume. In some model experiments made on tracer K* 
uptake by rods of phenol sulphonic resin (kindly provided by Dr Kitchener 
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of The Imperial College) it was confirmed that K+ uptakes over an eight- 
fold range of concentration did all fall initially on one line when plotted 
against concentrativn x (time)}. 

In the muscle model the slow exchange is presumably due to the slow 
build-up of the surface concentration, though this may also be so low that 
it restricts the exchange rate. The value of the internal diffusivity, and 
even the geometry of the interior can be unimportant provided a?8/D is 
less than unity. If the iontophoresis result of Harris (1954) is used to 
deduce the internal K diffusivity, then for a cylinder of radius 40. B has 
to be less than 0:5 sec’. The slight effect of extracellular diffusion implies 
in fact that 8 is less than 0-01 sec. 

It is important to note that the linear portions of the theoretical curves 
(Fig. 1) do not extend to the commencement of the exchange, so arguments 
against the applicability of a diffusion law should not be based on a non- 
linear dependence of uptake on (time)! early in the experiment (cf. Hodgkin 
& Horowicz, 1959). The curves of Fig. 1 are obtained by adding a series of 
exponential terms. As ¢ increases, the relative importance of all but one 
term falls and so eventually the process can be exactly fitted by a single 
exponential function. The coefficient of this major term is, however, not 
equal to the amount of material exchanging and the intercept with the 
ordinate of the linear portion of the function when it is plotted logarithmic- 
ally is less than the ‘cellular potassium’. , Oe 
_ The present model has been evolved from the surface-resistance- ~ 
diffusion model discussed by Harris (1957). Its advantages are that it 
explains the interdependence entailed by that model between the surface 
resistance, the diffusivity and the applied concentration. -Since the present 
model involves only the time constant of build-up of tracer K* in the 
surface region, which can depend linearly on the applied concentration, it 
is not necessary to suppose that the internal diffusivity undergoes changes. 
The shape of the curves, which on the resistance—diffusion model varied 
with the ratio of resistivity to diffusivity, is with the present model 
practically independent of the ratio between time constant for surface 
build-up and internal diffusivity. Hence, instead of requiring permeability 
and diffusivity to vary proportionately to maintain a constant shape 
of curve, no special requirement is imposed. It is to be emphasized that 
in this paper we suppose that it is the rate of build-up and not the 
final amount of K+ attached to the fixed sites of the outer region which 
varies with the applied K+ concentration. This would follow if the outer 
region had a fixed capacity for K (or K-like) ions. Our finding that net 
KCl gain merely adds to the normal exchange indicates that the extra 
K ions entering with Cl- do not increase the rate of equilibration of the 
outer region, rather they may diminish it. 
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It is evident that a true exchange process should be uninfluenced by 
electrical gradients, as was pointed out by Ussing (e.g. 1949) in his dis- 
cussion of ‘exchange diffusion’. Our exchange results bear this out, the 
internal-external potential difference of the muscle diminishes from 
90 mV to close to zero as the K+ concentration is raised, but the exchange 
plotted against a function of (K concn. x time) remains constant. Fewer 
assumptions are needed to explain this empirical relation between ex- 
change and K+ concentration than when attempts are made to relate 
independent in- and out-fluxes to permeability factors. 

Unlike the K+-for-K+ exchange, the net movements of the ions must 
usually be influenced by, as well as set up, electrical gradients because of 
the unequal mobilities of most ions. As example, the Cl~ ion is normally 
nearly excluded by the negativity of the muscle interior; as the potential 
difference, which reflects the K+ selectivity, is reduced the Cl- enters in 


company with additional potassium. The presence of a reservoir of material 


instead of a resistive membrane between the inside and outside of the cell 
will not change the usual physico-chemical considerations such as the 
Donnan distribution and potential difference. The intermediate region 
would, however, allow the explanation of K+ accumulation in the interior 
as being brought in by the selectivity of the region alone rather than of 
the whole cellular contents. The requirement that the ions move either 
in exchange for others of the same charge or along with ones of unlike 
charge entails interdependence between the Na+ output, Cl- gain, and 
K+ uptake when a cell is gaining or losing K+. It may be recalled here that 
the accelerating effect of externally applied K+ on Nat output is best seen 
if the muscles have initially raised Na+ content; that is, just the condition 
under which a net gain of K+ and loss of Nat can take place. 


| Interaction in tracer experiments 
_ Under all conditions which we applied, the K exchange component was 


the major factor in determining tracer uptake. For this reason tracer 
experiments are unfavourable as a means of detecting small net gains of K*. 


On the other hand, the occurrence of a net loss of K+ is made more evident | 


on account of the expulsion of tracer from the outer region by emerging 
unlabelled ions. Thus a net loss can give rise to a disproportionate effect 
on K+ uptake. A case of net K+ loss giving rise to slower K+ uptake 


has been described by Harris (1957), where the K+ loss was caused by 
strophanthin. 


Extracellular diffusion 
The slower the rate of build-up of tracer concentration in the outer, 
adsorption, region the less will the observed rate of K+ exchange depend 
on the delay imposed by extracellular diffusion. In their original analysis 
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of the hindering effect of extracellular diffusion Harris & Burn (1949) used 
the classical resistive membrane model and estimated that a sartorius 
(thickness’ 0-6—0'9 mm) when exposed on one side would take about 
1-5 times as long for a given exchange as would its individual fibres; 
the factor was about 1-15 when both sides were exposed. Some confusion 
hasbeen caused because in that paper the equations were written with a 
diffusivity (D/A?) which included the fractional extracellular space im- 
plicitly. The mean value of the space used was 0-19. When account is taken 
of this the diffusivity of Na* in the extracellular space turns out to be close 
to that in free solution. 

Support for the contention that the effect of extracellular diffusion in 
the sartorius is small is obtainable by comparing the results of Keynes 
(1954) for whole muscle, which had an exponential exchange constant of 
0-088 hr~ in 2-5 m-equiv K/I. at 16° C with both sides exposed, or 0-078 hr- 
at 19° C with one side exposed, with the exponential rate constants of 
between 0-06 and 0-15 hr-! for single muscle fibres, reported by Hodgkin & 
Horowicz (1960). The exponential portion of our exchange curve (Fig. 4) 
corresponds to a rate constant in 2-5 m-equiv K/l. of 0-04 hr-. Since, 
however, the exponential only applies to part of the total K, it is preferable 
to compare measured uptakes into muscle with those into single fibres. 
Using the values given by Hodgkin & Horowicz (their table 6) for various 
exposures to 2-5 m-equiv K/I. solution the appropriate figure for ([K,] x 
time)? allows a value to be interpolated from our Fig. 3. The pairs of values 
are as follows: 


(a) 113 fibre at 32-6 min had 2-34 pequiv K i edt myoplasm ; 
({K,] x ¢)*# = 8-95, whole-muscle exchange about 3-8 pequiv/g; 


(6) 98 fibre at 10 min had 1-49 pequiv K exchanged/ml. myoplasm; 
([K,] x ¢)* = 5, whole-muscle exchange about 1-8 pequiv/g; 
(c) 90 fibre at 60 min had 9-64 pequiv K exchanged/ml. myoplasm; 
({K,] x #)# = 12-2, whole-muscle exchange about 6-6 pequiv/g; 
(d) 137 fibre at 124 min had 7:34 pequiv K exchanged/ml. myoplasm ; 
({K,] x #)# = 17-6, whole-muscle exchange about 10-5 wequiv/g. 

These comparisons of experimental values show that turnover in the 
larger single fibres is about the same as the mean exchange in a whole 
muscle, Remembering that the mean diameter of the fibres in the sar- 


torius is 80-100 pu it appears that the hindrance imposed by extracellular 
diffusion is compensated by the presence of the smaller fibres so as to 


_ make the result similar to that holding for a large single fibre. 
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SUMMARY 


_ 1. The exchange of the cellular potassium of frog muscle follows a 
unique course, at a given temperature, if plotted against a function of 
the product (time) x (external K+ concentration). 

2. When the function in (1) is made the square root, much of the exchange 
is linearly related to it. | 

3.. The exchange at 0° C becomes equal to the exchange at 20° Cif the 
product (time) x (concentration) at 0° C is made 3-3 times the value of the 
product at 20°C. 

4. The exchange may be slightly impeded by Ca ions, but Na ions have 
little or no effect. It is important to avoid net changes of K+ content when 
testing for effects on exchange. | 
_ §, When the K+ concentration is raised in presence of Cl ions there is 

a net gain of KCl depending on the gradient of the product [K*] x [Cl-]. 
During net K+ gain at 20° C the tracer-K+ uptake approximates to the 
sum of normal exchange plus net gain. 

6. If K+-depleted muscles are exposed to tracer-containing media from 
which they gain K+ (by interchange with cellular Nat), the tracer uptake 
exceeds that found under exchange conditions. 

7. Tracer-K+ uptake is delayed while a net loss of K+ from the tissue 
is in progress. 

8. The results can be explained if K* enters the cell from an outer 
region of fixed K* capacity which equilibrates with the external K+ 
exponentially and with rate constant proportional to the external K+ 
concentration. | 


_ Our thanks are due to Mrs V. Bolingbroke for her careful assistance. 
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It is generally believed that acetylcholine (ACh) is responsible for the 


transmission of activity from nerve to muscle in vertebrates. This belief 


is based principally on a large amount of evidence that ACh has a powerful 
specific stimulating action on the muscle end-plate and that various agents 
which interfere with, or promote, its action have a corresponding effect on 
neuromuscular transmission (Riesser & Neuschlosz, 1921; Brown, 1937; 
Rosenblueth, 1950; Eccles, 1953; Fatt, 1954; Katz, 1958). There is very 
much less evidence that ACh is in fact released by the motor nerve endings. 
Since the classical experiments of Dale, Feldberg & Vogt (1936), compara- 
tively little work has been published dealing with this problem. With few 
exceptions (e.g. Emmelin & MacIntosh, 1956) recent studies of the factors 
that influence release of ACh have been confined to experiments on 
sympathetic ganglia. 

As a result, a large discrepancy has remained between the amounts of 
ACh known to be released in muscle, and the amounts needed for stimula- 
tion (cf. Acheson, 1948). There are, of course, many reasons why such a 
discrepancy might be expected (cf. Rosenblueth, 1950; Fatt, 1954; del 
Castillo & Katz, 1956), and the gap has tended to diminish in recent years, 
thanks to the more efficient application of ACh to end-plates from micro- 
pipettes (Nastuk, 1953; del Castillo & Katz, 1956; Krnjevi¢ & Miledi, 
1958c). Nevertheless, even the smallest effective amount of ACh has been 
at least 15 times greater than the amount atcsicmassan to be released by a 
nerve ending. 

In the experiments about to be described we have studied the release of 
ACh in the isolated diaphragm. This muscle seemed particularly suitable 
forsuch an investigation because much is already known about its behaviour 
during repetitive stimulation and about the amounts of ACh needed to 
produce end-plate activity (Krnjevi¢ & Miledi, 19586, c). It is also con- 
venient for various technical reasons: it has a long nerve, and only single 
innervation of its muscle fibres, and as it is flat and thin the inward 
diffusion of O, and the outward diffusion of ACh take place under relatively 
favourable conditions. We have shown in a previous paper (Krnjevié & 
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Mitchell, 19606) that one half of the extracellular ACh can diffuse out in 
1} min. | | 

Failure of neuromuscular transmission tends to occur rather quickly 
during sustained repetitive stimulation of the nerve, and this is accom- 
panied by a marked reduction in the release of ACh (Dale et al. 1936). 
We have therefore endeavoured to keep the rate and duration of stimulation 
to a minimum determined by the sensitivity of the methods of bioassay. 
Our results show that ACh (or some very similar substance) can be collected 
in amounts which would be sufficient to produce appreciable depolarization 
if applied directly to the end-plate. A preliminary report of some of these 
results has already appeared (Krnjevi¢é & Mitchell 1960a). A compre- 
hensive study of the release of ACh in the rat diaphragm during prolonged 
stimulation at various frequencies and temperatures has been published 
recently by Straughan (1960). 


METHODS 


Albino rats (Wistar strain) weighing between 200 and 400 g were used exclusively. They 
were anaesthetized with ether, and the left hemidiaphragm and phrenic nerve were removed 
and placed in cold (15° C) Ringer—Locke solution thoroughly aerated with 5% CO, in O,. 
The period during which the diaphragm was without an extra supply of oxygen (after 
opening the chest and before completing tho dissection), varied between 3 and 5 min. The 
composition of the Ringer—Locke solution is given in the previous paper (Krnjevié & 
Mitchell, 19605). 

Muscle holder. In most cases the hemidiaphragm was cut from its costal insertion and 
after trimming off excess connective tissue was tied to a rectangular Perspex frame at each 
corner. This operation was performed in Ringer—Locke solution at room temperature, with 
a fast stream of oxygen bubbles keeping the solution well stirred and aerated. The Perspex 
holder had a central turret with five platinum electrodes over which the phrenic nerve could 
be drawn when the muscle was to be stimulated (Fig. 1). The top of the turret was closed 
by a disk of Perspex, sealed with tap grease; under these conditions, the nerve remained 
moist for periods of at least 4 hr, but, for safety, the nerve was left in the solution except 
during the periods of stimulation. Two types of frame were used, the second being somewhat 
smaller and lighter, and trapezoid in shape. ! 

Collecting chamber. The muscle holder, with the muscle stretched out, fitted accurately 
into shallow rectangular (or trapezoid) chambers in a Perspex slab, When 5 ml. of solution 
was added the depth of fluid in the chamber was sufficient to keep the diaphragm well 
immersed. (For the lighter frames smaller chambers were used and only 3 ml. of solution.) 
There were several such chambers adjacent in the slab, and the holder, with the diaphragm 
attached, could conveniently be transferred from one to another without disconnecting the 
flexible leads of the electrodes. To maintain an adequate O, supply a fine polythene cannula 
was attached to the frame and a constant stream of O, (with 5% CO,) bubbles was directed 
at the musele throughout (cf. Creese, 1954). Although most experiments were done at room 
temperature, the chamber could be kept at a higher temperature by placing the slab on 
& special warm water-bath. 

Electrical stimulation and recording. With five electrodes it was possible to monitor con- 
tinuously the spike potential of the phrenic nerve during stimulation. The second recording 
electrode was very close to the entrance of the nerve into the diaphragm; -” long as the ro 
corded spike was adequately diphasic, one could be sure that impulses were being transmitted 
to the intramuscular branches. The stimulating pulses had a duration of 10 psec and their 
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intensity was usually kept at 1-5-3 times maximal for the fastest A fibres, except _— a 
_ high-frequency tetanus when it was raised to 5 times maximal. 


Procedure 


The muscle was placed in one of the collecting chambers and stimulated for a given period. 
It was allowed to remain in the chamber for a further period of either 2 or 4 min, and then 
replaced in a large volume of aerated Ringer—Locke solution ; as a rule there was no further 
stimulation for 30-60 min. When studying the release of ACh after a tetanus, the muscle 
was stimulated at a rate of 100—250/sec for 15-20 sec in a second chamber, and after 45— 
60 sec was shifted to a third chamber in which the standard period of stimulation at a lower 
frequency was repeated. The solutions were removed with a pipette and either assayed for 
ACh immediately, or kept on ice if the assay was delayed by an hour or so; they were in 
any case assayed within 2-3 hr of collection. 


AAALA 


Fig. 1. Diagrammatic cross-section of rat diaphragm frame and chamber. Rat 
diaphragm is tied across the bottom of the frame, in Ringer—Locke solution 
bubbled continuously with O, + CO, mixture. Phrenic nerve passes over stimulating, 


earthing and recording electrodes. Top of frame is sealed with a greased Perspex 


_ Preservation of ACh. The hydrolysis of ACh was minimized by adding 1-5 x 10-*m eserine 3 


sulphate to the solution in which the diaphragm was soaked for about 30 min before 
stimulating. In some experiments di-iso-phosphorofluoridate (DFP) was injected into the 
rate intraperitoneally in doses of 1-2 umole/100 g body weight. This normally caused the 
animals to die after a period of some 3-5 min, when the diaphragm was removed as usual. 
As a further precaution, in a number of experiments, we used a solution rendered somewhat 
acid (pH 6-2-6-7 instead of 7-3—7-4) by reducing the bicarbonate content. 


Assay of ACh 

Since it was important to stimulate the diaphragm preparations as little as scaiible, only 
very small amounts of ACh were available for assay. It was therefore essential to use 
‘methods of assay which were highly sensitive, as well as reasonably specific. Since the frog 
rectus was too insensitive, a number of other preparations were tried in turn, with varying 
degrees of success. A few attempts at assaying with the frog lung (Corsten, 1940), were not 
very profitable, because of enormous variations in sensitivity. In four experiments longi- 
tudinal muscles from the locally available sea-cucumber (Holothuria forscali) were not found 
to be any more sensitive to ACh than the frog rectus, unlike longitudinal muscles of other 
sea-cucumbers which have a wey low threshold to ACh (Bacq, 1939; Florey, 1956). The 
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following methods were more successful (Fig. 3) although each had its disadvantages. 
The. accuracy of the assays varied with different preparations; it is estimated that the error 
of the best assays did not exceed + 20%, and that of the poorest +50 %. 

Cat blood pressure. The samples were injected intravenously into eviscerated cats under 
chloralose anaesthesia (80 mg/kg), as in the method described by MacIntosh & Perry (1950). 
Although this was not a particularly sensitive method, it was little affected by moderate 
variations in the ionic concentration and pH of samples, and regularly gave predictable 
results. 

Isolated rat duodenum. A short length of duodenum (2-2-5 cm) was taken from immediately 
below the stomach of a small rat (100-200 g), and after washing suspended in a 1 ml. 
Perspex bath through which oxygen was bubbled. The solution in the bath (De Jalon, Bayo & 


Fig. 2. Part of assay of ACh released from rat diaphragm on dorsal muscle of the 
leech with curare control. (1) 55 nm-ACh; (2) test solution (3 stim/sec for 5 min); 
(3) 2°8 nm-ACh; (4) 55 nm-ACh 7 min after tubocurarine (1-5 x 10-°m); (5) 55 nm- 
ACh 11 min after curare; (6) test solution 15 min after curare. After prolonged 
rinsing in curare-free solution, sensitivity to ACh returned. = 
De Jalon, 1945) was run through continuously (4~6 ml./min), except when test solutions 
were added. The volume of the fluid in the bath was kept constant at 1-0 ml. and the 
temperature maintained at 32°C. Movement of the gut was recorded by a balanced lever 
on a kymograph. ACh could be detected in concentrations as low as 5 x 10-"'M, although 
the usual threshold was at 1-3 x 10-1°m. The test solutions were added to the bath (after 
equilibration at the correct temperature) in volumes of 0-1—0-4 ml.; larger volumes gave 
misleading results owing to insufficient dilution of the Ringer-Locke with De Jalon’s 
solution. Although this preparation was very sensitive to ACh it deteriorated rather 
quickly, becoming more and more sensitive to slight changes in temperature, ionic composi-' 
tion (especially Ca*+), pH or rate of flow of solution. It could only be used as a reliable 
method of assay for a rather small number of samples. 

Dorsal muscle of the leech. The dorsal muscle was set up as described by MacIntosh & 
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Perry (1950), but in an 0-3 ml. Perspex bath and, on some occasions, with the addition of 
morphine sulphate (1-5 x 10-'m) to all solutions to facilitate relaxation (Murnaghan, 1958). 

Heart of Mya arenaria (Hughes, 1955). The heart was suspended by the ventricles in 1 ml. 
artificial sea water (Tower & McEachern, 1948) at 16° C. The heart beat was recorded on 
a smoked drum. Although this preparation can be extremely sensitive, with threshold 
concentrations as low as 2 x 10-*m, it is highly unpredictable, and the very sensitive hearts 
are not common. Furthermore, it has the great drawback that ACh often causes the beat 
to become not only weaker but slower; assaying can then be done only over a very small 
range of concentrations, since an amount 5-10 times threshold is likely to stop the beat 
altogether for a time. In this respect it is evidently unlike the heart of Venus mercenaria 
(Welsh & Taub, 1948). Its use would seem to be limited to cases in which very high sensiti- 
vity is absolutely essential and it can hardly be recommended for routine use. 

ACh controls. The amounts of solution available were always too small for a really ex- 
haustive series of control tests. However, whenever conditions were suitable, at least one 
control test was performed (this happened on the average once in every three assays). 
The most convenient procedure was to destroy the ACh in the sample by adding one-tenth 
volume of n/3-NaOH, letting the solution stand for 20 min at room temperature, and then 
neutralizing it with n/3-HCl. Specific antagonism by such drugs as curare (Fig. 2) or atropine 
was only used occasionally as a terminal experiment, the effects being too slowly reversible 
to allow useful assays to be performed again. 

In several experiments the diaphragm was soaked initially in Ringer-Locke solution 
containing no anticholinesterase. No ACh could be detected under these conditions, even 
after prolonged stimulation. 

Counts of fibres in the rat diaphragm. The counts were made in biletclogicnl sections of 
diaphragms used in the experiments described above. The muscles were fixed in 10% formol 
saline and embedded in paraffin, and sections which included the entire width of the hemi- 
diaphragm were cut at right ites to the fibres. 


RESULTS 


Most of the experiments were done at room temperature (19-23° C), 
because neuromuscular transmission in the isolated diaphragm persists for 
a longer period.at lower temperatures (cf. Krnjevié & Miledi, 1959). In 
fifteen experiments the temperature was kept at 37° C. | 

Only those experiments in which appreciable amounts of ACh were 
collected could be considered as yielding really useful information. The 
rejection of other experiments was based mostly on evidence that adequate 
excitation of the nerve endings was not taking place for various technical 
reasons, such as short-circuiting or displacement of stimulating electrodes, 
or because of obvious injury to the phrenic nerve or one of its main branches. 
Contraction of the diaphragm was not in itself very informative, since 
twitches of relatively few fibres may give the impression of widespread 
activity. However, in a substantial number of cases we failed to detect 
any ACh at all (this means less than about one tenth of the usual amount) ; 
sometimes this turned out to be because our anticholinesterases had lost 
their potency, but in other cases there was no obvious explanation. 

ACh release at room temperature. On the basis of previous experiments 
with the phrenic-diaphragm preparation it was decided that there was 


| 
4 
i] 
im 
3 
is. = 
4 
3° 
& 
| 
ity 
2 
4 
3 
Cap 


ACh RELEASE IN RAT DIAPHRAGM 251 


a reasonable chance of avoiding presynaptic failure of propagation if 
stimulation was effected at a rate not greater than 5/sec or did not last 
more than 5 min, arbitrarily limiting the nuniber of impulses in one 
sequence of stimulation to 1500 or less. Results of experiments in which 
these limits were exceeded are considered separately. Clearly, even more 
moderate stimulation was preferable whenever the assay preparations were 
sufficiently sensitive; in several cases it was possible to obtain sufficient 
ACh while stimulating at 2/sec for 2-5 min. A few hearts of Mya arenaria 


Fig. 3. Assay of ACh released from rat diaphragm during stimulation. Examples 
shown do not necessarily include complete assay. A Dorsal muscle of leech: 
(1) Test solution (5 stim/sec for 20 min); (2) 28 nm-ACh; (3) Test solution, alkali- 
treated; (4) Test solution; (5) 33 nm-ACh. B Rat duodenum: (1) Test solution 
(5 stim/sec for 5 min); (2) 11 nm-ACh; (3) 22 nm-ACh; (4) test solution, alkali- 
treated. Test solutions were diluted 5 times. C Heart of Mya arenaria: (1) 5-5 nm- 
ACh; (2) test solution (1-8 stim/sec for 15 min); (3) 4-3 nm-ACh; (4) test solution ; 
(5) test solution, alkali-treated; (6) 5-5nm-ACh. Test solutions were diluted 
3 times. D Cat blood pressure: (1) 0-25 nmole ACh; (2) 1-0 ml. Ringer—Locke 
solution ; (3) 0-1 nmole ACh; (4) 1-0 ml. test solution (5 stim/sec for 5 min); (5) 0-1 
nmole ACh; (6) 1-0 ml. test solution, alkali-treated. 


were so sensitive that we tried to stimulate even at 1/sec for only 2 min; 
the results were not very satisfactory, partly because such sensitive hearts 
tended to respond irregularly in the presence of solutions which had been 
in contact with the muscle, and partly because the yield seemed to be 
reduced, perhaps as a result of destruction by minimal amounts of 
cholinesterases or because of binding in the tissue (cf. Krnjevié & Mitchell, 
19606). 

The mean release of ACh from the hemidiaphragm, in twenty-four 
experiments at temperatures of 19-23°C, was 0-12 pmole (s.D. + 0-079) 
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per impulse. These results were obtained by assaying the collected ACh 
either on the heart of Mya arenaria, the rat duodenum or the cat blood 
pressure (Fig. 3). Although these three methods of assay gave comparable 
answers, the mean result of assays on the rat duodenum was somewhat 
larger (0-19 pmole/impulse) than the mean value of assays on the heart of 
Mya arenaria (0-064 pmole), and the mean value of assays on the cat blood 
pressure which had an intermediate position (0-098 pmole). There was 
much overlap of individual results and the general scatter was such that 
no statistical significance can be attached to these deviations from the 
over-all mean (the greatest difference between mean values obtained with 
different preparations has a probability of just > 0-05, and the other 
differences have probabilities > 0-25 on the null-hypothesis, as determined 
by the ¢ test). 

ACh release at 37° C. No seelcicaiia study was made of the release of 
ACh from the same muscle at different temperatures. The mean release 
in six muscles excited at 2—3/sec for 5 min at 37° C was 0-15 pmole/impulse. 
The ACh was assayed on leeches and the rat duodenum. These results 


overlapped those at a lower temperature; it does not seem that there is a 


very pronounced change in the amount liberated at the higher temperature. 


ACh release under other conditions 


Release during faster and longer stimulation. The mean yield of ACh 
during activity at 37° Cin a group of seven muscles stimulated at frequencies 
of 10-20/sec for 10-20 min was 0-025 pmole (range 0-011—0-033), i.e. one- 
sixth of the yield in a comparable series of six muscles during stimulation 
at 2-5/sec for 5 min. Similar differences were observed in experiments at 
room temperature. If the preparation was stimulated tetanically (at 100- 
200/sec) for 10-20 sec, the total number of impulses being greater than 
when stimulating at a slow rate for 5 min, the yield of ACh was as a rule 
below threshold amounts for assay. 

Release of ACh in the presence of curare. In ten experiments a comparison 
was made of the yield of ACh during ordinary activity and activity during 
paralysis by curare. After the preliminary control series the muscle was 
soaked for 30-60 min in 3 x 10-°m tubocurarine chloride, and then stimu- 
lated as before in 3 x 10-*m tubocurarine (with the usual amount of anti- 
cholinesterase also present). In two experiments there was no marked 
change in the yield of ACh per impulse. Figure 4 shows the assay on the 
heart of Mya arenaria of solutions obtained during indirect stimulation 
of a hemidiaphragm before and after soaking in tubocurarine. It can be 
seen that the sensitivity of the preparation to ACh was reduced by the 
presence of tubocurarine in the solution. However, the assay could be 
performed satisfactorily by adding the same amount of tubocurarine to 
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the standard ACh solution used for comparison. There was clearly no 
appreciable increase in the release of ACh in the presence of tubocurarine. 
In two other experiments the ACh release apparently rose by 50 and 100%, 
respectively, and in one experiment it diminished by 15%. In the five 
remaining experiments various technical difficulties in assaying prevented 
any accurate quantitative comparison, but it was evident that there was 
no marked change after curare: any difference could not: have exceeded 
a factor of 2-3. | 

When simple solutions of ACh were compared with those in which the 
muscle had contracted, it was often found that the latter caused irregular 


Fig. 4. Effect of tubocurarine (1-5 10-*m) on the release of ACh from the rat 
diaphragm. Assay on heart of Mya arenaria: (1) Test solution (2 stim/sec for 
5 min) alkali-treated; (2) test solution; (3) 2-8 nm-ACh; (4) test solution, alkali- 
treated ; (5) 2-8 nm-ACh + tubocurarine (1-5 x 10-'m) ; (6) test solution from curarized 
diaphragm ; (7) 1-7 nm-ACh. Test solutions were diluted 3 times. 


variations in base line, and also in ACh sensitivity. There was some 
evidence that solutions which had bathed muscles paralysed by curare 
were less likely to give rise to such effects, suggesting that disturbing 


factors are released mainly during contraction of the muscle fibres. 


Spontaneous release of ACh. In some experiments the diaphragm was 
allowed to soak in the collecting chamber in the presence of anticholin- 
esterase, but without stimulating the nerve. The period of soaking was 
usually 5-7 min, as in most experiments. In the majority of cases no ACh 
was found in the solution (i.e. less than 10-!°-10-*m, depending upon the 
sensitivity of the assay). In several cases, however, there was an appreci- 
able quantity of ACh in the solution, equivalent to a spontaneous release 
of about 1 pmole per hemidiaphragm per minute (at room temperature). 
The lower limit of the range of estimates was set, as always, by the thres- 
hold concentration for assay, and values of 0-5 pmole/min or less were 
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mainly seen when the period of soaking was extended to 30-60 min. The 
upper limit was reached in one experiment, in which the very high, 
apparently spontaneous, release of 9 pmole/min was seen twice out of 
four trials with one muscle; in the other two trials there was no detectable 
release. The high apparent rate of release in this case ~ ay 
have resulted from contamination with ACh. 

Post-tetanic release of ACh. In seven experiments we were ile to 
compare the yield of ACh before and after short tetani at a high frequency. 
Altogether fourteen such comparisons were made, as it was possible to 
repeat this procedure several times with some preparations. 

It was clearly preferable to use the lowest possible rate of stimulation 
during the-periods before and after tetanus. Unfortunately, it is important - 


Fig. 5. Pre- and post-tetanic release of ACh from the rat diaphragm assayed on 
cat blood pressure. A (1) 0-023 nmole ACh; (2) 1-0 ml. test solution (5 stim/sec for 
4 min); (3) 0-02 nmole ACh; (4) 1-0 ml. test solution (5 stim/sec for 4 min 50 sec after 
end of tetanus); (5) 0-023 nmole ACh. B (1) 1-0 ml. test solution (5 stim/sec for 
5 min); (2) 0-03 nmole ACh; (3) 1-0 ml. test solution; (4) 0-025 nmole ACh; 

(5) 1-0 ml. test solution (5 stim/sec for 5 min, 60sec after end of tetanus) ; 
(6) 0-03 nmole ACh. 


to be able to analyse several samples quickly and reliably in this kind of 
experiment whereas the most sensitive methods of assay proved often very 
erratic, and seldom gave results at the highest level of sensitivity for very 
long. We were therefore only able to perform satisfactorily two experiments 
stimulating at 1 or 2/sec. The most stable conditions for assaying were 
available when using the cat blood pressure, which was relatively insensi- . 
tive and required stimulation at 5/sec. — 

The periods of stimulation before and after the tetanus lasted 4 or 5 min 
and the second one usually began 45-60 sec after the end of the tetanus 
(120-250/sec for 10-20 sec), to allow at least some of the ACh which might 
have accumulated during the tetanus to diffuse out. In fact only very 
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small amounts of ACh were usually found after such tetanization, and 


three control experiments, in which the muscle was returned to the 
original chamber 45-60 sec after the end of the usual short tetanus and 
left there without further stimulation for 7 min, did not give a higher 
final concentration of ACh. These controls are in any case only of somewhat 
academic interest, since the twelve experiments performed when stimula- 
ting at 5/sec did not show a significant change in the release of ACh. The 
mean value of the twelve ratios of post-tetanic to pre-tetanic release was 
1-08, with a standard error of + 0-05. Examples of assays of solutions 
obtained in these experiments are shown in Fig. 5. On the other hand, 
two experiments performed at a low rate of stimulation (1 and 2/sec) 
suggested that more ACh was released after the tetanus, the yields being 
greater by a factor of 1-8 and 2-0, respectively (these values are unlikely 
to be incorrect by more than +0-3 and + 0-5). 


Counts of fibres in the rat diaphragm 
The numbers of muscle fibres counted by one observer in histological 


' sections of 3 hemidiaphragms came to 7896, 10,384 and 11,407, the mean 


count being 9896. As there is always some degree of arbitrary selection in 
deciding what is and what is not a ‘fibre’ in such sections, three other 
observers also counted independently the fibres in the first specimen; 
their estimates were 7094, 8016 and 8294. All four counts differed from 
the mean value by less than 10%. These results confirm an estimate of 


10,000 (+ 20%) made by Krnjevi¢ & Miledi (1958a) on the basis of fibre 


counts in a small number of representative sections. 


DISCUSSION 


Identification of ACh. The amounts of substance released from the 
diaphragms were always so small that it was not possible to identify ACh 
with an extremely high degree of certainty by performing a series of 
parallel assays on different preparations (cf. Chang & Gaddum, 1933). 
However, if we consider that the active substance was only obtained in 
the presence of anticholinesterase, that it was destroyed in alkaline 
solutions, that different methods of bioassays gave approximately the 
same estimate in terms of ACh, and that such specific antagonists as 
curare and atropine had the expected action, notwithstanding the fact 
that these observations were made at different times, we can conclude 
that the substance in question is very likely to be ACh, or at least a similar 
choline ester. 

Site of release. We have not excluded the possibility that ACh is released 
by antidromic activation of sensory nerve fibres in the diaphragm, but 
it is very unlikely that so much could be released by sensory fibres in 
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view of the observations of Dale et al. (1936) and Brecht & Corsten (1941). 
It is clear that autonomic nerve fibres were not involved, since stimuli 
just maximal for the fast A fibres were adequate for the release of ACh. 


Amounts collected 

As the muscles were bathed in 3 or 5 ml. of solution, the external con- 
centration of ACh could never be greater than 1 or 2 % of that in the extra- 
cellular space of the muscle (the free ACh space in the diaphragm is 25 ml./ 
100 g (Krnjevié & Mitchell, 19605); i.e. 0-05 ml. in a typical hemidiaphragm 
weighing 200 mg). If we assume that ACh released during stimulation is 
free to diffuse out, and to simplify matters, that the rate of outward 
movement is simply proportional to the amount already present, we can 
calculate approximately what fraction (f) of the total ACh released can 
be expected to remain in the muscle at a given time. 


where 7' is the time constant of outward movement, ts the period of 
stimulation, and ¢ the total period in the bath from the beginning of 
stimulation. It was found in previous experiments (Krnjevié & Mitchell, 
1960b) that one half of the ‘extracellular’ ACh leaves the diaphragm in 
1-5 min, and that the remainder moves out with a time constant of 
3-6 min. Taking therefore a value of 2-9 min for 7’, the amount of ACh 
collected during a 7 min period, which includes a 5 min period of stimula- 
tion (our usual procedure), would come to 76 % of the total ACh released. 
It seems reasonable to conclude that our method would enable us to 
collect some 3/4 of the ACh in the muscle which was free to diffuse out. 


: Release of ACh per impulse 

Previous authors who have made observations on the release of ACh in 
the rat diaphragm have tended to use a standard technique in which the 
diaphragm is stimulated at 50/sec for 20 min (e.g. Burgen, Dickens & 
Zatman, 1949; Brownlee, 1957). It is very unlikely that the nerve endings 
would be capable of releasing ACh in anything like the normal amount at 
such a frequency and for such a long time. In any case it is certain that 
most phrenic nerve fibres would very soon begin to fail to transmit im- 
pulses at such a frequency, so that the over-all effective contribution of the 
nerve endings would be at a much lower rate (Krnjevié & Miledi, 1958), 
1959). Hence it is not surprising that the yield of ACh per impulse in such 
experiments (about 0-006 pmole per hemidiaphragm) is considerably less 
than we have found. when stimulating at 2-5/sec for periods of 2-5 min 
(0-12 pmole). In our own experiments faster and longer periods of stimu- 
lation yielded substantially less ACh per impulse. Even more significant 
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are the observations made recently by Straughan (1960), who has analysed 


_ systematically the release of ACh from the rat diaphragm during 20 min 


periods of stimulation at frequencies varying between 6/sec and 100/sec. 
He has found that increasing the rate of stimulation causes only a relatively 
small increase in total ACh release, which reaches a maximum at about | 
25/sec with little further change up to 100/sec. 

The highest relative yield obtained by Straughan (1960) during stimu- 
lation at 6/sec for 20 min was about one quarter of the average amounts 
which we collected. Most of this difference can be ascribed to the shorter 
periods and lower rates of stimulation in our experiments, although other 
experimental factors such as temperature and methods of assay may have 
tended to exaggerate it. 

It should not be thought surprising that comparatively small variations 
in the frequency of stimulation may lead to marked changes in the release 
of ACh at the nerve endings. In the curarized rat diaphragm the amplitude 
of the end-plate potential is very sensitive to the frequency of stimulation: 
Lundberg & Quilish (1953) have shown that an impulse is followed by a 
period of presynaptic depression lasting at least 3 sec, during which a 
second end-plate potential is appreciably reduced, presumably because of 
a smaller release of ACh. According to our own observations the end-plate 
potential in the curarized diaphragm is almost immediately reduced to 
about one third when the frequency of nerve stimulation is changed from 
1/10 sec to 2-5/sec. It is highly probable that much lower rates of stimula- 
tion than we were able to use would be required to demonstrate the maximal 
release of ACh. 

Spontaneous release of ACh. The finding of a spontaneous release of ACh 
in a number of unstimulated diaphragms confirms the observations of 
Straughan (1960), although the typical amounts were smaller by about 
one half, perhaps because of the lower temperature (cf. Liley, 1956). Such 
a small release is equivalent to 1/20-1/30 of the usual rate of release during 
stimulation, and would not as a rule be detected after soaking the muscle 
for only 5~7 min. It is most unlikely that injury discharge of the phrenic 
nerve could contribute appreciably to the spontaneous release, since no 
spontaneous twitching could be observed. To liberate this amount of 
ACh, one quarter of all the fibres would have to twitch at a mean rate of 
1/sec. 

The release of about 1 pmole/min can probably be correlated with the 
spontaneous miniature electrical activity recorded at the end-plate. 
The relatively small size of the end-plate potential during stimulation 
at 2-5/sec suggests that its quantum content may not be much more 
than 20, Taking our figure of 0-12 pmole for the release of ACh per 


impulse, a quantum of ACh would correspond to about 0-006 pmole (per 
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hemidiaphragm). It follows that a spontaneous quantal release at 3/sec 
(well within the common frequency range of miniature end-plate potentials 
in the diapragm; Liley, 1956) would be sufficient to give 1 pmole/min. 
However, it is difficult to associate single presynaptic vesicles (cf. del 
Castillo & Katz, 1956) with this release, which is equivalent to 3-6 x 10° 
molecules per quantum at a single nerve ending and would require an 
improbably high concentration of ACh (10m) within the 500 A vesicles. 
Furthermore, the total bound ACh in the rat phrenic nerve endings (about 
300 pmole according to preliminary observations by C. O. Hebb and 
K. Krnjevi¢) would be accounted for by only 50,000 vesicles per nerve 
ending ; if the density of vesicles is 1000/3 of axon terminal, as in the frog 
(Birks, Huxley & Katz, 1960), the total volume of terminal would be 
only 50 »’, compared with 3000 »* in frog muscle. Such a small volume 
seems unlikely if one considers that the motor ending spreads over an 
area with a diameter of some 20, on the diaphragm fibres (Cole, 
1957). 

Yield of ACh in the presence of tubocurarine. Our results confirm previous 
evidence that curare does not prevent the release of ACh in muscle (Dale 
et al. 1936; Emmelin & MacIntosh, 1956); they also show that under its 
influence there is no marked increase in the amounts of ACh which can 
be collected, presumably because the reaction between ACh and the 
receptor is so rapid (cf. del Castillo & Katz, 1957) that formation of a 
relatively stable receptor—curare compound does not displace any ap- 
preciable amount of fixed ACh: This is in contrast with the action of 


dibenamine on sympathetic transmission in the spleen (Brown & Gillespie, 


1957). 

ACh release during post-tetanic potentiation (PT'P). It is unfortunate that 
it was not possible to perform most of the experiments on PTP under 
conditions more likely to give a conclusive answer. In most cases stimula- 
tion had to be at 5/sec, at which frequency PTP is not nearly so marked 
as, for instance, at 0-5/sec. We have found in the curarized rat diaphragm 
that PTP does clearly occur at 5/sec (Fig. 6), although its duration was 
shorter than during stimulation at lower frequencies, when appreciable 
PTP may be detected for over 6 min. The enormous apparent potentiation 
of the end-plate immediately after the end of the tetanus was probably 
largely caused by a short gap of 2-5 sec between the end of the tetanus 
and the resumption of stimulation at 5/sec. 


It can be seen from the second curve in Fig. 6 that if one waited some 


45-60 sec before resuming stimulation after the tetanus there was a much 
more rapid decline of PTP when testing is resumed, so that the curve soon 
joined and then followed that obtained by the usual procedure. This 
behaviour, which has been seen at other frequencies of testing stimuli, 
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suggests that the rate of decay of PT'P depends upon time rather than on 
the discharge of impulses. ! 
Inspection of such PT'P curves obtained during stimulation at 5/sec 
shows that if there is an increased post-tetanic release of ACh (Hutter, 
1952) the mean increment over a period of 4-5 min is unlikely to exceed 
10%, of the pre-tetanic release (assuming a simple relation between height. 
of end-plate potential and ACh release). Our results are consistent with 
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Fig. 6. Post-tetanic potentiation of end-plate potentials (at 5/sec) in curarized 

rat diaphragm, recorded beginning 5 sec (O—O) and 60 sec (@—@) after the end 

of tetanic stimulation of the phrenic nerve (250/sec for 20 sec). Inset, examples 

of intracellular potentials actually recorded: A, before tetanus; B, 10 sec after 

tetanus ; C, 30 sec after tetanus; vertical scale 1 mV, horizontal scale 10 msec. 
such a change, but they are too variable to be conclusive evidence one 
way or the other. On the other hand, the two results obtained during 
stimulation at a lower frequency can only be considered as suggestive 
evidence that appreciably more ACh may be released after a tetanus. 
The ephemeral nature of PTP during activity at 5/sec supports previous 
evidence that PTP may not be of great significance for normal function 
(Strom, 1951). 


Release of ACh per nerve ending 


With a mean number of 10,000 muscle fibres in the hemidiaphragm, we 
can take the release of ACh by an average ending to be about 10-”” mole 
per impulse (fibres in the diaphragm only extremely rarely show evidence 


of multiple innervation (Lundberg & Quilish, 1953; Liley, 1957; and 
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personal observations)). This amount of ACh is 10-20 times greater than 
previous estimates, calculated rather indirectly (e.g. Acheson, 1948; 
R. I. Birks, quoted by MacIntosh, 1959). It has been shown previously 
(Krnjevi¢ & Miledi, 1958c) that substantial end-plate potentials can be 
produced iontophoretically in the diaphragm with as little as 10~'- 
10-6 mole of ACh; very short pulses of current were used, and under these 
conditions the ACh potentials were practically indistinguishable from 
normal end-plate potentials. We have already mentioned reasons for 
believing that the number of quanta released by impulses is likely to be 
reduced in our experiments, so that the amounts of ACh released can be 
compared directly with the amounts needed to produce 5-10mV ACh 
potentials without gross error. It is clear that, although there is overlap of 
extreme values, a small gap remains between typical values; this is not 
surprising, since the liberation of ACh from a point source at the tip of 
a micropipette is inherently less efficient than the release of a similar 
amount spread over the whole area of the end-plate; the amounts which 
we have collected are likely to be substantially short of the maximal 
reléase for various reasons already mentioned. One can conclude that for 
the rat diaphragm the quantitative agreement between the effectiveness 
of applied ACh and its release during stimulation is about as satisfactory 
as could be expected. 


SUMMARY 


1, Estimations have been made by bioassay methods of the release of 
ACh in the isolated rat hemidiaphragm caused by not more than 1500 
maximal impulses in the phrenic nerve (at frequencies of 2—5/sec). The 
mean release in twenty-four experiments was 0-12 pmole per impulse at 
room temperature. 

2. The rate of release was substantially less during stimulation at a 
higher frequency and for longer periods. | 

3. The yield of ACh during low-frequency stimulation was not increased 
_ to any pronounced extent in experiments performed at 37° C, or in the 
presence of tubocurarine. | 

4. Post-tetanic potentiation during stimulation at 1-2/sec (in two 
experiments) was associated with a greater release of ACh; at 5/sec, 
although the mean increase was of the order expected, there was too much 
variation for the change to be significant. 

5. Spontaneous release of ACh was seen in some cases, in amounts 
which are not incompatible with those expected from the spontaneous 
activity at the end-plate. 

6. The calculated mean release of ACh in the rat diaphragm from a 
single nerve ending (10-” mole) during low-frequency stimulation is of 
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the same order of magnitude as the smallest amounts of ACh which have 


previously been found to be effective when applied directly to the end -plate 
in the rat diaphragm. 
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THE SODIUM PUMP IN SKELETAL MUSCLE IN RELATION 
TO ENERGY BARRIERS 


By E. J. CONWAY, R. P. KERNAN anp J. A. ZADUNAISKY* 
From the Biochemical Laboratory, University College, Dublin 


(Recetved 8 July 1960) 


In a previous paper (Carey, Conway & Kernan, 1959) it was shown that, 
when frog sartorii were immersed during the night in K-free Ringer— 
Conway fluid containing 120 mm-Na, the average content of Na in the 
muscle was 59-0+0-7 m-equiv/kg (s.z. of mean for 166 expts). Three 
muscles were used for each experiment. 

On reimmersion for 2 hr at room temperature in similar fluid containing 
104 mm-Na and 10 mm-K (referred to here as the 120,0/104,10 procedure) 
there was considerable active secretion of Na, which is in agreement with 
the results of Desmedt (1953). The secretion averaged 17-6 + 0-8 m-equiv 
Na/kg in a large number of experiments, allowing 2 m-equiv Na/kg 
for passive diffusion from the interspaces in the total Na loss. (In the 
oxygen-uptake experiments described here the conditions were somewhat 
different, and the average secretion was found to be 22 m-equiv Na/kg.) 

If the reimmersion fluid contained 120 mm-Na (the 120,0/120,10 pro- 
cedure) there was, on the average, little or no excretion of sodium though 
@ very occasional experiment might show it markedly. Also, if the K-free 
soaking fluid contained 104 mm-Na, and the reimmersion fluid contained 
also 104 mm-Na, there was likewise no significant Na secretion (Carey, 
et al. 1959). | 

A partial explanation for this difference was given by the consideration 
that a secretion of Na in the second immersion, with 10 mm-K present, 
could be regarded as a restoration of the conditions following the effects 
of the K-free immersion. One would expect then that the limit of the 
secretion would be set by the Na levels in the muscles if 10 mm-K were 
present in both the soaking and the reimmersion fluids. A number of 
experiments carried out with 10 mm-K present throughout suggested that 
the maximum average loss of Na to be expected in the 120,0/104,10; 
120,0/120,10 and the 104,0/104,10 procedures was 20-0 + 1:0; 3-6 + 3:5 and 
7-8+ 1-1 m-equiv/kg respectively. The average experimental losses ob- 
served were 19-6+0-8, —5:2+9-6 and 1-0+0-9, The elucidation of the 
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very large average difference between the 120,0/104,10 and the 104,0/104,10 
procedures appeared to be carried a step further. 

Yet this did not explain the fact that in a large number of experiments 
with companion sets of muscles with the 120,0/104,10 and the 104,0/ 
104,10 procedures, a certain number of results appeared in both procedures 
with similar muscle Na levels after the first immersions, but there was 
more secretion of Na in the one than in the other procedure. A plausible 
explanation of this seemed then to lie in the hypothesis that soaking in the 
120 mm-Na K-free Ringer’s fluid caused a stimulation of the sodium pump 
as compared with the soaking in the 104 mm-Na K-free Ringer’s fluid. 

If this is so, then in the reimmersion period with the 120,0/120,10 
procedure it could be expected that the large secretion of Na would also 
occur but be masked by an Na entrance of about the same magnitude. It 
was decided to study this matter, as described in the present paper, by 
inhibiting the secretion of Na in the 120,0/120,10 and in the 104,0/104,10 
procedures by iodoacetate (2 mm) and by ouabain (10-° m). If the active 
secretion were occurring before inhibition the muscle Na should increase 
markedly because of its unbalanced entrance. The fact emerged, as will 
appear, that there was very little increase in the muscle Na content. 

We came then to examine the energy barrier presented to the secretion 
of Na. The energy barrier to secretion could be lessened by decreasing the 
Na content of the external fluid, or by raising the K content (and so 
lessening the membrane potential) or by both procedures. The results show 
quite clearly thet under the conditions of our experiments there exists a 
critical energy barrier above which there is no significant average secretion 
of Na, and below which Na can be excreted in surprising amounts in a 
short time. Studies of oxygen — as described here agree with this 
view. 


METHODS 


The companion sartorius muscles of Rana temporaria were used in all the experiments 
described here. With a few slight variations described below, the muscles were treated in the 
manner already described (Carey et al. 1959) in the studies of Na extrusion. The Ringer’s 
fluids used were variants of the Ringer-Conway fluid (Boyle & Conway, 1941). Where the 
Na level of the reimmersion fluid was raised or lowered, the glucose level was altered so as to 
restore osmotic equilibrium. In the oxygen experiments the bicarbonate of the Ringer’s 
fluid was replaced by an equivalent amount of phosphate buffer. 


Chemical methods 7 
Before analysis for Na and K the muscles were blotted on moist filter paper and carefully 
weighed. They were then digested in hot HNO,, and after oxidation was complete, the acid 
was evaporated, and the residue taken up in 15 ml. of de-ionized water. This was analysed 
by means of a Beckmann flame photometer. 
Inhibitors. The inhibitors used included 10-5 and 10-*m ouabain, 2mm sodium iodo- 
acetate and 2 mm potassium cyanide. The sodium and potassium salts of the inhibitors were 
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added in substitution for NaCl and KCl so as not to alter the total cation eoncen- 
trations. In studying inhibitor effects companion muscles were used, one group acting as 
control. 
Membrane potentials 

These were measured by the micro-electrode technique of Graham & Gerard (1946). The 
electrical arrangement employed has already been described (Carey et al. 1959) but the 
following modification was used. The microcapillaries were drawn mechanically to about 
0-5 tip diameter and were filled with 3m-KCl in the cold by the method of Caldwell & 


Downing (1955). Electrodes were selected having impedances in the range 7-15 MQ. Tip 
potentials were kept at a minimum by this method. 


Oxygen-uptake measurements 

The Warburg manometric technique was used for this purpose. The muscles were allowed 
at first to cling to the walls of the manometer flasks which were filled with 3 ml. of the 
phosphate Ringer’s fluid. The conventional procedure was then followed, the Warburg bath 
being equilibrated at 20° C. In most cases the sensitivity of the manometers was increased 
by a factor of approximately 7 by the use of the hydraulic leverage principle of Burk & 
Hobby (1954). This was necessary where small muscles were used. In a number of experi- 
ments, after the initial loading of the muscles in K-free Ringer’s solution containing 
120 mm-Na, one muscle of each companion set was analysed immediately to determine 
the Na level, and the other was placed in the manometer flask in Ringer’s fluid containing 
104 mm-Na and 10 mm-K, and its oxygen consumption was measured after 2 hr. It was 
then analysed for its Na content. Similar experiments to these were conducted with the 
120,0/120,10 and the 104,0/104,10 procedures. 


The fluids used 
The K-free soaking fluids contained 120 mm-Na or 104 mm-Na. The two fluids containing 
120 mm-Na had the compositions shown in Table 1. Fluid B was used for soaking when the 
reimmersion was conducted in manometers, phosphate being substituted for bicarbonate. 
Fluids C and D which were used corresponded in general composition with A and B, the 
difference lying in the Na and Cl contents, which were 104 mm and 72-5 ma, respectively, 
and also in their containing 26mm of glucose. The series 120,0/120,10; 120,0/115,10; 


TABLE 1. Composition of fluids used 


(m-mole/l1.) 
A B 

Sodium 120 120 
Calcium 0-9 0-9» 

esium 1-2 1-2 
Chloride 88-5 88-5 
Phosphate 3-0 16-7 
Bicarbonate 25-0 — 
Sulphate 1:8 1-8 
Gluconate 0-9 0-9 
pH 7-4 7:4 


120,0/110,10; 120,0/104,10 and 120,0/80,10 had all the same soaking fluid (A). The reim- 
mersion fluids all contained 10 mm-KCl in addition, the Na contents being 120, 115, 110, 104 
and 80 mM, respectively. The total osmolarity was adjusted by glucose to be approximately 
the same in each group. It was assumed that 56 mm-NaCl was the approximate osmotic 
equivalent of 98 mm glucose (Hodgkin & Keynes, 1955), whence glucose was incorporated 
to the extent of 0, 7-0, 16-0, 26-0 and 68-0 mm, respectively, making a total osmolarity 
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(arrived at by adding up the ion concentrations and the NaCl equivalent to the glucose) of 
260 mM within about 1%. This is no doubt approximate, but is considered sufficiently 
accurate for the purpose of the investigations. : 


RESULTS 


Examination of a possible osmotic effect on the difference between the 
extrusion of Na in the 120,0/104 and the 120,0/120,10 procedures 


At an early stage in the investigations the possibility of some osmotic 
effect affecting the excretion was examined. When, for instance, after 
immersion during the night in K-free Ringer’s fluid containing 120 mm 
the muscles were reimmersed in fluid containing 104 mm-Na and 10 mm-K, 
or alternatively in fluid containing 120 mm-Na and 10 mm-K, there was 
a difference in molarity amounting to 16 mm-NaCl. This difference was 
made up with sucrose in a series of thirteen sets of experiments. This 
equalization of the osmotic pressures of the recovery solution had little 
or no effect on the excretion of sodium. 


TABLE 2. Effect on the secretion of Na of changing the Na content of the 
reimmersion fluid 


of muscle , Mean excretion of Na, 
7 after 2nd immersion No. of allowing for interspace 
Procedure (m-equiv Na/kg) observations (m-equiv Na/kg) 

120,0/120,10 57-6+2-3 22 1-44+2-4 
120,0/115,10 54-7422 14 2-3 
120,0/110,10 39-5 + 1-6 21 18-2+1-7 
120,0/104,10 37:-3+1-4 30 19-64 1-5 
120,0/80,10 34:0+1-7 13 19-8+1-8 
104,0/104,10 45-9+0-6 122 1-0+0-9 
104,0/80,10 32-5 + 2-0 16 12-6 + 2-2 


Recently we carried out a series of experiments in which the osmolarity 
of the external fluids was maintained constant by the addition of glucose, 
as described in Methods, and here also no appreciable effect was produced. 
The results are summarized in Table 2, from which it will appear that from 
22 experiments with the 120,0/120,10 procedure the average Na secretion 
was 1-4+ 2-4 m-equiv/kg, whereas with the 120,0/104,10 procedure the 
average excretion from 30 experiments was 19-6+1-5. In both sets of 
experiments the total osmolarity of 260 mm was the same, owing to 
suitable glucose additions. | 


Investigation of the possibility of an active excretion of Na in the 
120,0/120,10 and the 104,0/104,10 procedures being balanced 
by a similar degree of passive entrance 
This question was investigated by inhibiting the outward secretion of 
Na by means of iodoacetate (2 mm) and by ouabain (10-* m), also by 
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cyanide (2 mm). The effects on the large Na secretion in the 120,0/104,10 
procedure of such inhibitors has been previously described (Carey et al. 
1959). Iodoacetate (2mm) and ouabain (10-'m) cause complete or 
practically complete inhibition of the excretion under our conditions, and 
cyanide (2 mm) produced a 60 % inhibition in the average. Such inhibitions 
produced very little or no increase in the Na content of the muscles with 
the 120,0/120,10 or the 104,0/104,10 procedure. The results are sum- 
marized in Table 3. If the total of 35 experiments with the 120,0/120,10 


TaBLE 3. Effects of ouabain, iodoacetate and cyanide in the 120,0/120,10 
and the 104,0/104,10 procedures 
Mean Na content (+8.£.) of muscles after the 


2 hr reimmersion period (m-equiv/kg, referred 
to wt. after lst soaking) 


No. 
Inhibitor of Without With — Difference due 

Procedure used expts. inhibitor inhibitor to inhibitor 
120,0/120,10 Ouabain 14 54-8+1-8 54-:0+1-9 —0-8 
Iodoacetate 14 53-0 + 3-3 55:1+3-3 
Cyanide 7 53-0 + 1-5 50-9 + 1-9 —2-1 
104,0/104,10 Ouabain 32 44-5+1-6 46:1+1-4 +1-6 
Iodoacetate 12 44-44+2-3 42-7+2-7 —1:7 
Cyanide 12 42:9 + 2-0 2-7 —0-9 


are considered together, the mean increase in Na content produced by the 
inhibitor is 0-1 + 2-1 and with the 104,0/104,10 procedure it is 0-4 + 1-3 m- 
equiv/kg. Thus while such inhibitors may possibly cause an increase of 
4-2 or 3-0 m-equiv Na/kg taking twice the s.z. of the mean, the effect is 
none the less quite small compared with, say, the average secretion of 
about 18 m-equiv Na/kg that would occur in the 120,0/104,10 procedure. 
The answer to the above question is, then, that on the average active 
secretion does not occur to any appreciable extent during the reimmersion 
periods in the 120,0/120,10 and the 104,0/104,10 experiments. 


Effects of lessening the energy barrier to Na excretion 


_ With the failure of an adequate explanation of the secretion differences 
_ described above from osmotic effects or those of stimulation of the sodium 
pump during the night, we came toe examine the results of changing the 
energy barrier to Na excretion. The energy barrier to the Na excretion can 
be decreased either by decreasing the external Na concentration or 
increasing the K content. This is again considered in the Discussion. 
Decrease in the external Na concentration of the re-immersion fluid. It was 
already apparent as the result of numerous experiments that dropping 
the external Na concentration in the 120,0/120,10 procedure from 120 to 
104 (the average concentration of the frog plasma) produced a large Na 
excretion. The effects on the energy barrier of changing by steps from 
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120 mm in the second immersion to 80 mm-Na are summarized in 
Table 4. | 

In this series it will be seen that a big increase in the Na secretion occurs 
at the 110 mm-level, after which but little further increase occurs. A point 
of special importance here is that lowering the external Na from 120 to 
104 mm causes an average fall of membrane potential which in itself con- 
siderably affects the energy barrier. Also in changing from the 104,0/ 104,10 
to the 104,0/80,10 procedure there is a fall of potential (see Table 4). 


Taste 4. Energy barrier to Na excretion by Na-rich sartorii immediately 
after reimmersion 


potential E,,F RT.\in[{Na,]/[Na] Average Na 

Procedure (mV) (cal/m-equiv Na) cal/m-equiv (m-equiv/kg) 
120,0/120,10 67-341-5 1-55 0-44 1-99 1-4+42-4 
120,0/115,10 (66-0) 1-52 0-41 1-93 3°7+2°3 
120,0/110,10 (64:7) 1-49 0-38 1-87 18-2+1-7 
120,0/104,10 63-4+0-7 1-46 0-35 1-81 19-6+1-5 
120,0/80,10 56-8+0:8 1-32 0-22 1-54 19-8 + 1-8 
120,0/120,30 48-9+0-7 1-12 0-44 1-56 14-64+1-8 
120,0/120,60 41-6+1-0 0-96 0-44 1-40 15-6 + 2-9 
104,0/104,10 71-:7+0-9 1-65 0-51 2-16 1:0+0-9 
104,0/80,10 54-8+0-7 1-27 0-39 1-66 12-6+2-2 
104,0/104,30 46-6 + 2-2 1-07 0-51 1-58 9-0+1-7 


The brackets used with some membrane potentials indicate interpolated values. The 
membrane potential (Z,,) is taken for convenience as positive (outside minus inside). 


Figure 1 shows a frequency distribution of potentials measured immediately 
after reimmersion in the 104,0/104,10 and the 120,0/104,10 procedures. 
The distributions are for 25 sartorii in one procedure and the 25 companion 
muscles in the other. For each muscle the membrane potentials of six 
fibres were investigated. The means for the two series were 71-7 + 0-9 and 
63-4 + 0-7, giving a difference of 8-3 + 1-1 mV. 

It is also important to note that similar differences remained to the end 
of the 2 hr reimmersion as shown in Table 5. Thus the mean potential 
after 2 hr with the 104,0/104,10 procedure was —65-0+0-8 mV and that 
for the 120,0/104,10 procedure was — 56-0+ 1-1. Although a much smaller 
number of muscles were here examined, from the similarity of the 
potentials obtained it appeared unnecessary to accumulate more results. 
(Here it may be noted that in a previous communication (Carey et al. 


1959) frequency distributions of potentials with the 104,0/104,10 and 


120,0/104,10 procedures were given, but in these the observations were 
made on a large number of fibres from a single muscle, and owing to the 
variability with regard to the single muscle cannot be regarded as in any 
way contradictory to the present results), 
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Fig. 1. Frequency distribution of membrane potentials measured immediately on 

reimmersion under the following conditions: A. Muscle left during night at 2° C in 

fluid C and reimmersed in same fluid with 10 mm-K/l. B. Muscles left during night 

at 2° Cin fluid A and reimmersed in fluid C with 10 mmM-K/l. 25 sets of companion 
muscles used. 


Taste 5. Energy barriers to Na excretion at the beginning and end of reimmersion 
with different procedures 
[Na] Total 
in the ; Membrane energy 
fibre water In[Na,]/[Na] potential barrier 
Procedure  (m-equiv/l.) (cal/m-equiv Na) (mV) E,,F  (cal/m-equiv Na) 
120,0/120,10 


Beginning of 56-4 0-44 67:34 1-5 1-55 
reimmersion 5) 
End of 2 hr 54:3 0-46 — 70-1+0°8 1-62 2-08 
reimmersion (5) 
120,0/104,10 
Beginning of 56-4 0-35 63-4407 1-46 1-81 
reimmersion (25) 
End of 2 hr 27-2 0:78 . 56-0+ 1-1 1-27 2-05 
reimmersion | (5) 
104,0/104,10 
Beginning of 41-4 0-51 71-74+09° 1:65 2-16 
reimmersion 25 
End of 2 hr 40-0 0:56 65-0 +0°8 1:50 2-06 
reimmersion | (5) 


The numbers in brackets represent the number of sartorii used. The figures for the Na 
content of the fibre water are calculated from the average data previously given (Carey et al. 
1959). The 25 muscles used for 120,0/104,10 were companions of those used with 104,0/104,10. 


+9 
4 
16 | 
8 
4 


270 E.J.CONWAY,R.P. KERNAN AND J. A. ZADUNAISKY 


Increase of the KO# ‘content of the fluid in the second immersion. Such in- 
crease results in a fall of the membrane potential and hence a lessening of 
the energy barrier against which the sodium pump works. The effects of 
changing from 10 to 30 mm-K and to 60 mm-K are also summarized in 
Table 4. It will be seen that lowering the energy barrier in the 120,0/120,10 
or the 104,0/104,10 procedures by increasing the KCl content again pro- 
duced a marked secretion of Na. It would appear, then, that the lack of 
significant Na secretion in the reimmersion periods of the 120,0/120,10 and 
104,0/104,10 procedures under our conditions relates to the energy barrier. 
When this reaches or passes a certain critical level no marked secretion of 
sodium occurs, and when the barrier falls below this critical level a large 
active secretion of Na is set going. 


Oxygen uptake in relation to sodium excretion 


Concerning the relation of oxygen uptake to Na excretion, Levi & 
Ussing (1948), using separate sets of data for oxygen consumption and for 
*4Na efflux, determined the relation between them. They concluded that 
part of the isotopic efflux was due to ‘exchange diffusion’. 

Keynes & Maisel (1954) aimed at a greater precision of treatment by 
correlating the measurements of oxygen uptake and isotopic effluxes on 
the same muscles, as well as by obtaining wide variations in these quantities 
by raising the external K concentration (Hegnauer, Fenn & Cobb, 1934). 
In this way and as given in Table 1 of their communication, for five 
experiments the range of the ratio of Na ions excreted (as measured by the 
isotopic efflux) per molecule of oxygen taken up was from 2:0 to 5:7 with 
an average of 4-1. With such a range and with so few results the mean can 


have no exact significance, and it is purely coincidental that the figure is | 


the same as the mean we obtained with a large number of results and quite 
different treatment. In fact, if four of their five experiments comprising 
two sets of companion muscles are taken and the ratio computed from the 
extra efflux and the extra oxygen uptake the mean ratio is 5:1. 

In the treatment of Keynes & Maisel (1954) it is assumed that the rate of 
active extrusion of Na is measured by the isotopic efflux. It is now known 


‘that owing to exchange diffusion such measurements of Na effluxes may 


give results very different from the real Na extrusion. This not only 
appears from the results of the present communication but one may also 
cite the following references: Levi & Ussing (1948); Keynes & Swan (1959); 
Carey et al. (1959). | 

Here the oxygen uptake associated with the large net extrusion of Na in 
the 120,0/104,10 procedure has been measured and compared with the 
oxygen uptake in the 120,0/120,10 and the 104,0/104,10 ‘procedures, in 
which no significant average extrusion of Na takes place (Conway, 1957; 
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Carey et al. 1959). From such experiments the true mean relation between 
amount of Na extrusion and oxygen uptake appears from two different 
ways of treating the results. 

Relation between the net Na extrusion and O, uptake in the 120,0/104,10 
procedure. Thirty-five sets of experiments were carried out as described in 
Methods, all the measurements referring to a recovery period of exactly 
2hr. A correlation of 0-68 + 0-09 was found between the two quantities 
and the regression line relating the Na excretion to the O, uptake was 
found to be 

O, uptake (m-mole/kg) = 0-26 x (Na excreted (m-equiv/kg)) + 6-04. (1) 
From this regression equation it is seen that 3-85 m-equiv of sodium 
excreted is associated with 1 m-mole of oxygen uptake. The regression 
equation need only be used for the purpose of calculating the mean oxygen 
uptake with no Na excretion, the result being 6-04 m-mole/kg. As the 
mean oxygen uptake in the 35 experiments was 11-7 m-mole/kg, 5-6 m-mole/ 
kg was therefore associated with the 22-1 m-equiv Na/kg excreted, giving 
a mean ratio of 3-90 m-equiv Na/m-mole O,. Such values for the ratio 
are not significantly different statistically from 4-0. 

Instead of taking the companion muscles to ascertain the Na levels after 
the first immersions, they were used to ascertain the 0, uptake in the 
120,0/120,10 procedure, with a similar series for the 104,0/104,10 pro- 
cedure, since these latter procedures could be regarded as giving the basic 
O, uptake when there was no significant excretion of sodium. The results 
for the 120,0/120,10 and the 104,0/104,10 experiments were practically 
identical, and are here taken together as 22 experiments in all, with a mean 
oxygen uptake in the 2 hr reimmersion period of 10-5+ 0-8 m-mole/kg. 
The 22 experiments with companion muscles for the 120,0/104,10 pro- 
cedure gave a mean O, uptake of 16-3+ 1-0 m-mole/kg, the difference 
between this and the previous figure being 5-8 + 1-3, corresponding to a 


mean Na excretion of 22-1 m-equiv/kg. This results therefore in a mean 


ratio of Na excreted to O, uptake of 3-81, which again does not significantly 
differ statistically from 4:0. It will be noticed that the excretion of Na in 
the 120,0/104,10 procedure was accompanied by an oxygen uptake 56% 
greater than that found when there was no Na excretion. 


The relation between the O, wptake and the Na level in the muscle fibre water 


With thirty-five sets of experiments the correlation between O, uptake 
and the Na content after the first immersion in K-free fluid was only 
0-19+0-16, which is not significant. The important fact here is that the 
0, uptake is highly correlated with the excretion of Na but is not signi- 
ficantly correlated with the Na concentration in the muscle fibres. It may 
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at first appear surprising that two variables (here 0, and muscle Na con- 
centration) may be highly currelated with a third (the Na excretion) but 
not significantly with each other. This, however, is a frequent statistical 
occurrence, but to analyse it fully in the present instance would require | 
more data than are at present available. 
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Fig. 2. Effect of iodoacetate on loss of “Na from Na-rich muscle in the 120,0/120,10 
procedure. Inhibitor added at time indicated by vertical bar. 
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Fig. 3. Effect of ouabain on loss of “Na from Na-rich muscle in 120,0/120,10 pro- 
cedure. Inhibitor present from beginning of reimmersion. @, control; x , inhibited. 
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Sodium effluxes from Na-rich muscles, when the excretion is inhibited 
by todoacetate (2 mm) or ouabain (10-5 m) 
With the 120,0/120,10 or the 104,0/104,10 procedures no significant 


_ average secretion of Na over the 2 hr of the reimmersion period was found, 


and, as considered above, the use of inhibitors of excretion such as iodo- 
acetate (2mm) and ouabain (10-°m) showed that no significant mean 
excretion of Na balanced by an equal uptake of Na occurred. It was of 
special interest, therefore, to observe the effect of such inhibitors on the 
effluxes of “Na. Figure 2 shows the results of a typical experiment, yet 
iodoacetate practically completely inhibited the large average excretion of 
Na found with the 120,0/104,10 procedure (Carey et al. 1959). The virtually 
unchanged rate constant appears under these conditions, therefore, to be 
associated to a large extent with ‘exchange diffusion’ (Ussing, 1949). 
With ouabain (10-* m), on the other hand, which also causes practically 
complete inhibition of excretion in the 120,0/104,10 procedure, there was 


_ a marked inhibition of the “Na efflux in experiments of the 120,0/120,10 


types. This is illustrated in Fig. 3. In this context it may be noted that 
Edwards & Harris (1957) examined the effect of strophanthin on *Na 
effluxes from Na-rich muscles and also found a marked inhibition (1-6— 
2-2 times). 


DISCUSSION 


The results show that there exists a critical energy barrier of about 
2-00 cal/m-equiv for the active secretion of sodium under the conditions 
of the experiments described. The energy barrier to the excretion of 
sodium may be written 


dG/dn = RT In (2) 


This expression gives the energy per equivalent of sodium excreted, at a 

time when [Na,] and [Na,] are concentrations in the external fluid and in 

the fibre water respectively, while H,, is the membrane potential (outside 

The expression could be abbreviated to 


dG/dn = Ex); (3) 
RT [Na,] 
and Ex, = In [Nay] 


but equation (2) is preferred in this context as it expresses directly an 
osmotic and an electrical component of the energy barrier. That an upper 
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limit of the electrochemical potential for sodium must exist against which 


Na ions can no longer be secreted would seem sufficiently obvious, and for 
the frog’s skin was determined by Ussing (1949), who investigated the 
maximum potential against which the active Na transport could occur. 
Harris (1954) has also referred to the experiments of Harris & Maizels 
(1951) on red corpuscles as suggesting that the lower limit of the Na levels 
encountered could be set by the possible electrochemical potential derivable 
from the extruding mechanism. This, however, would simplify overmuch, 
since such levels of a ‘balanced state’ will be set in part by the rate of 
sodium entrance, and it is likely that a higher electrochemical level could 
be reached by the active transport system. The significance of the present. 
study relates to the following points: 


1. The critical-energy barrier is rather sharp for the experimental 
conditions described, and on one side of it a high secretion rate of sodium 
occurs continuing over an hour or so, while on the other side of the barrier 
no sodium is excreted. 


Under the conditions where the muscles are loaded with Na after 


soaking during the night at about 0° C in K-free Ringer’s fluid, the critical 
energy barrier is much lower than would be expected from a consideration 
of the normal conditions in vitro or conditions in vivo. It is this fact that 
has previously obscured its occurrence. 


3. It so happens also that under the conditions mentioned, with high Na 
levels in the muscles, a real entrance of sodium into the muscle (as distinct 
from the apparent isotopic flux) does not occur significantly over the 2 hr 
period of the immersion. This latter was shown by the absence of any 
significant increase in the sodium content during the 2 hr reimmersion 
period, when the excretion was inhibited by iodoacetate (2 mm) or by 
ouabain (10-5 m). 


These points make this preparation fruitful to study with respect to the 
relation between Na excretion and O, uptake and to the similar relation 
under anaerobic conditions between the Na secretion and the lactic acid 
formed (E. J. Conway & M. Mullaney, unpublished observations). Light 
is also thrown on the fact that whereas cyanide (2 mm) was found in our 
laboratory to inhibit, to the extent of 60%, the excretion of Na in the 
120,0/104,10 procedure, such inhibition was not observed by Frazier & 
Keynes (1959). For under our conditions, decreasing the energy barrier by 
raising the external [K] from 10 to 20 mm entirely removed any cyanide 
inhibition, and it would appear therefore that the difference in cyanide 


action observed could be due to different metabolic states of the muscles 
used. 
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In the existence of this critical energy barrier there now appears to be 
an explanation of the fact that, while there is no significant excretion over 
the 2 hr reimmersion with the 104,0/104,10 procedure, there is a large 
amount of sodium secretion in the 120,0/104,10 procedure. : 

It is to be noted that the difference in energy barrier when the external 


_ sodium concentration is decreased below that of the soaking fluid is due to 


a change in both terms of equation (2), electrical as well as osmotic. This is 
because the measured membrane potential is less in the reimmersion period 
of the 120,0/104,10 procedure than in that of the 120,0/120,10 experiments. 
In this way, although the value of RT In [Na,]/[Na,] becomes greater at 
the end of the 2 hr excretion period in the 120,0/104,10 than its initial 
value in the 120,0/120,10 experiments, the total energy barrier becomes 
approximately the same as in the latter procedure. : 

The oxygen uptake experiments fit in well with the above considerations. 
The secretion of sodium is significantly correlated with the oxygen con- 
sumption, after subtracting a basic oxygen consumption when there is no 
Na secretion, as with the 104,0/104,10 procedure, or practically so as in 
the 120,0/120,10 procedure. As has been shown, the mean ratio of the 
number of Na* ions secreted to molecules of O, taken up is approximately 
4-0, 

An apparent difficulty in relation to the critical-energy-barrier concept 
for isolated Na-loaded muscles arises when one considers the question of 
the normal secretion of Na from the muscle fibre. Here the energy barrier 
mast be about 4-00 cal/m-equiv, or twice the critical level as dealt with 
above. But the secretion of Na would appear to be extremely small com- 
pared with the rate of about 8 m-equiv Na/kg over 30 min in the 120/104. 
experiments on frog muscle. | 

In this context it may be pointed out that for the in vivo secretion of 
sodium from mammalian muscle (Conway & Hingerty, 1948) a definite net 


“secretion has been shown from rat muscle when this is loaded with Na after 


4 weeks on a K-free diet, during which period the plasma [K] falls markedly. 
When the rats are restored to a K-rich diet, and the plasma [K] goes above 


the normal level in 1 day, an excretion of Na occurs, but only at a mean 


rate over 3 days of about 0-05 m-equiv/kg/30 min. When so much KCl is 
ingested that the plasma [K] increases to 9:8 mm after about 1 day, the 
excretion rate of the sodium increases, but still only to about 0-1 m-equiv/ 
kg/30 min. These results were confirmed by Muntwyler & Griffin (1951) 
with some difference in detail. The normal energy barrier to secretion in 
rats, from the available data (Conway & Hingerty, 1948), is about 
4-0 cal/m-equiv, and the secretion from the Na-rich muscle fibres occurred 
at about 3-0-3-5 cal/m-equiv. The precise levels cannot be readily calcu- 


lated, owing to uncertainty as to the location of Na in normal sa 
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muscles. As the plasma [K] falls there is an entrance of Na ions, and as it 
rises there is an excretion, indicating a critical barrier somewhere in the 
region of 3—4 cal/m-equiv. 

The question then arises, do these two levels, one of a 2-0 cal/m-equiv 
in isolated Na-rich muscles, and the much higher level for normal frog or 
mammalian muscle, represent two modes of Na secretion? While there 


may be two modes, none the less they can be interpreted as one mode in | 


accordance with the redox pump theory. 


The critical energy barrier and the redox pump theory 

The nature of the Na secretion may be briefly stated in accordance with 
the redox pump theory, as follows: The reductant of a redox system in the 
cell forms an ionic complex with the Na ion, and the following reaction 
takes place 

Red.Na*+ = Ox+Nat+e. (4) 

It may be taken that there are enough free Na+ ions to saturate the 
reductant. 

The potential of this system may be written as H,, and the potential of 
a second system which receives electrons from it may be written as £,,. 
As an equivalent of electrons passes from the first system to the oxidant of 
the second, there is a corresponding release of Nat ions into the cell. The 
energy change may be written 


dG/dn = F(E,—E,)+RT In [Na,]. (5) 


If the first system can operate in the membrane and release its Na 
externally after transmitting electrons to the second system, then 


dG/dn = F(E,—E‘)+RT In [Na,]+E,,F. (6) 


The potential of the first system has increased to H} in this occurrence. 
This is a necessary consequence, since the value of dG/dn in equations (5) 
and (6) is the same, and (RT In [NA] + Em F) is much greater in equation (6) 
than RT In [Na,] in equation 5. 

From equations (5) and (6) one may write: 

F(H,—H,) = F(H,—E})+ RT In [Na,]/[Na,]+ Em F. (7) 
The expression on the left represents the source from which the energy for 
the secretion of Na can be derived. 

In a series of hypothetical instances where [Na,] and Hm were to rise 
gradually, then H; would rise correspondingly until a point would be 
reached when the quantity F(Z,—H) were reduced to zero. It would be 
necessary that the reduction should be not quite to zero, in order that 
electrons should pass. But if it became zero the critical energy barrier 
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would be reached, and also if (R7' In [Na,]/[Na,;]+ En F) actually exceeded 
F(£,—£,) no electrons could pass. 

In this we have a clear explanation of the critical energy barrier. If this is 
of the first kind—around 2-0 cal/m-equiv—then the existence also of the 
second level, as in vivo, could be explained as follows. : 

The expression F'(H,—,) can be expanded to 


[Red], [Ox], ], 

F(H,—H,) = In [Ox]. ; (8) 
and while #,, and H,, are characteristic redox constants, it is to be expected 
that the expression under the In sign could change very appreciably under 
different metabolic conditions. Thus a change of [Red],/[Ox], from 3-0 to 
0:3 and a corresponding change of [Ox,] /[Red], over similar ranges could 
result in a total change of potential of 112 mV at room temperature, with 
a corresponding change in the energy level of about 2-58 cal/m-equiv. 

It is of interest now to list ‘briefly the various results which fit in with 
this view of critical energy barriers. 


1. It seems to provide an explanation as to why with the 120,0/104,10 
procedure a large average secretion of Na was obtained, whereas with the 
104,0/104,10 or 120,0/120,10 procedures there was no significant average 
secretion. 


2. It explains also why, with the 120,0/120,10 or the 104,0/104,10 pro- 
cedures, on lessening the membrane potential by increasing the external 
[K] in the reimmersion period, full secretion can occur as in the 120,0/ 
104,10 experiment. 


3. It explains the results of the sive dieeabis experiment in a very 
satisfactory manner. There appears to be a by-pass of electrons (which are 
ultimately received by oxygen in aerobic conditions), which is blocked 
when the energy barrier to secretion of Na reaches the critical level. When 
allowed to pass fully, by a lessening of the energy barrier, the ratio of Na 
ions secreted to the extra molecules of oxygen taken up is near an average 
of 4:0. The extra oxygen uptake is significantly correlated with the sodium 
secreted, and there is a large difference between the oxygen uptake in the 
104,0/104,10 or the 120,0/120,10 procedures and the 120,0/104,10 pro- 
cedure, corresponding to the sodium excreted in the latter experiments. 
Besides these results, which are well explained, one may also draw 
attention to the following. 
4. It can explain the fact that, when the K content of the Ringer's fluid 


in which fresh sartorii muscles are immersed is increased, one gets a 
marked increase in oxygen uptake (Solandt, 1936). 
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5. It can also provide an explanation why, when the external K content 
of Ringer’s fluid is reduced or eliminated, the secretion of Na is greatly 
inhibited. 

SUMMARY 

1. The fact that an average net excretion of 18 m-equiv Na/kg occurs 
in the 120,0/104,10 procedure, while little or none is excreted on the 
average in the 104,0/104,10 and 120,0/120,10 procedures, can now be well 
explained by the existence of a critical energy barrier to the excretion of 
Na from the Na-rich muscle. (‘The 120,0/104,10 procedure’ implies 
soaking during the night in K-free Ringer’s fluid containing 120 mm-Na, 
and reimmersion for 2 hr at room temperature in Ringer-Conway fluid 
containing 104mm-Na, and 10mm-K. The other numbers are to be 
interpreted similarly.) | 

2. At the beginning of the reimmersion period with the 120,0/104,10 
procedure the average membrane potential was 63-4+0-7 mV, whereas 
for the 104,0/104,10 procedure it was 71-7+0-9 mV; 25 sartorii and their 
companion muscles being used for these determinations. The initial energy 
barriers for the two procedures were 1-81 and 2-16 cal/m-equiv Na. 

3. At the end of the period of reimmersion the membrane potentials 
were 56:0+ 1-1 and 65:0+0-8 mV respectively, and the energy barriers 
were 2-05 and 2-06 cal/m-equiv. 

4. When the excretion of sodium is prevented in the Na-rich muscles by 
the energy barrier reaching the critical level or passing beyond it, full net 
excretion can be established by decreasing the external sodium or by 
raising the external potassium concentration. Both procedures decrease 
the energy barrier. When the excretion is set going by decreasing the 
external sodium concentration only, the membrane potential drops to a 
somewhat lower level. 

5. The correlation coefficient of the net excretion of Na with O, uptake 
was found to be 0-68 + 0-09, and the regression equation for the relation 
between Na excretion and the oxygen uptake indicates that on the average 
3-8 m-equiv Na were excreted per m-mole of extra O, taken up. 


6. The extra O, uptake in the excretion of Na showed no significant 
correlation with the Na level in muscle. 
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THE EFFECTS OF TEMPERATURE ON THE RESPONSES 
OF PACINIAN CORPUSCLES 
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Receptor potentials, which are directly related to one or more parameters 
of a mechanical stimulus, are known to initiate nerve impulses in mechani- 
cally sensitive receptors. The mechanisms underlying these receptor 
potentials (Gray, 1959) appear, on present evidence, to differ in several 
respects from those underlying the nerve impulse (Hodgkin, 1951; Bishop, 
1956). The receptor potential of the Pacinian corpuscle is generated across 
a different region of the nerve-cell membrane from that in which an 
impulse can occur; it is not regenerative, since it cannot be elicited by 
electrical stimulation (Diamond, Gray & Sato, 1956; Diamond, Gray & 


Inman, 1958; Loewenstein & Cohen, 1959). The receptor potential and the 


impulse differ also in the manner in which they are affected either by 
changes in the extracellular Na+ concentration or by procaine (Diamond 
et al. 1958). Both impulse and receptor potential are probably due to the 
transport of charge across the nerve membrane by ions moving down their 
electrochemical gradients. The two types of activity appear to differ, 
however, both in the way the underlying changes in membrane 
are brought about and in the nature of the ions involved. 
_ A wealth of information now exists concerning the modification of 
various parameters of nervous activity by temperature changes (Lucas, 
1908; Garten & Sultze, 1913; Adrian, 1921; Gasser, 1931; Schoepfle & 
Erlanger, 1941; Lorente de N6, 1947; Tasaki & Fujita, 1948; Lundberg, 
1948; Hodgkin & Katz, 1949, to mention only a few of the many investiga- 
tions relevant to the present work). Most of this information applies, 
however, to the temperature dependence either of the membrane potential 
or of the different phases of the nerve impulse; little is known of the effect 


of temperature on the receptor potential, although it has been reported by - 


Burkhardt (1959) that the amplitude of the receptor potential in the 
stretch receptor of the crayfish increases with decreasing temperature. 
The present paper is a comparative study of the effects of temperature on 
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the generation of receptor potentials and nerve impulses in Pacinian 
corpuscles. A preliminary account of some of these results has already been 
published (Inman & Peruzzi, 1958). 


METHODS 


Preparation. Pacinian corpuscles were obtained from the mesenteries of cats or kittens 
anaesthetized with either chloralose (80-100 mg/kg) or ether. Preparations of corpuscles 
and their axons were made by the technique described by Gray & Sato (1953). 

Mounting. The preparations were mounted in the manner described by Diamond et al. 
(1956). The petroleum jelly, in which the recording length of axon was mounted, was 
stiffened with tale to prevent break-down of the recording barrier at higher temperatures. 
In a few experiments a silicone compound (Midland Silicones Ltd., ‘MS4”’) was used in place 
of petroleum jelly. 

Stimulating and recording techniques. The techniques used for stimulating and recording 
were the same as those used by Diamond e¢ al. (1956). Their technique for constant current 
polarization was also used; the series resistor had a value of 50 MQ. 

Solutions. 'The bathing solution in all experiments was a modification of Krebs—Henseleit 
solution having the following composition (mm): NaCl 145, CaCl, 2-5, MgSO, 1-2, K,HPO, 2-5, 
KH,PO, 0-6, HCl 0-3. The pH of this solution was 7-1. 

Temperature. The thin Perspex plate on which the preparations were mounted formed 
the roof of a chamber (Fig. 1). The temperature of the preparations was altered by changing 
that of water flowing through this chamber. A gradual change of temperature during an 
experiment was effected by differential mixing of hot and cold water from the two reservoirs 
connected to the inflow. 

Temperature was measured by means of a single thermocouple connected to a Tinsley 
galvanometer (type 8.8. 545) which was calibrated during each experiment. The ‘cold’ 
junction was kept at 0° C. The ‘hot’ junction was embedded in the Perspex barrier at the 
same level as the corpuscle and a little over 1 mm from it (Fig. 1). The temperature recorded 
in this way gave that of the corpuscle within + 0-5° C, at the rates of change of temperature 
used 


A calculation in which the corpuscle was regarded as a sphere of water of 0-5 mm radius 
with the receptor terminal at its centre showed that 97% temperature equilibration would 
occur between the terminal and the surrounding fluid within 0-85 sec (Carslaw & Jaeger, 
1947). An equilibration time of this order would not introduce error at the rates of change 
of temperature used. | 

Calculation of temperature coefficients. Q,. values of various parameters of the nerve 
impulse and the receptor potential are summarized in Table 1, The method used to determine 
the Q,, of a parameter was to plot both linear and logarithmic graphs relating it to tem- 
perature. If the logarithmic plot could reasonably be regarded as a straight line for all 
" practical purposes, Q,, was calculated as 

dinz 
antilog (10 aT ), 
_ where x is the parameter and T is the temperature. If the linear plot gave a straight line, or 
if two values only were obtained, Q,) was calculated as 
10(xp—2p,) 


“nt 
where 7' and 7’, are the upper and lower limits of the temperature range under consideration. 
The relationship of the parameter to. temperature, i.e. whether linear or logarithmic, 1s 


indicated in Table 1, column 7. 
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Regression lines were determined by the method of least squares and correlation coef- 
ficients according to the formula r = Ta . The significance of correlation coefficients 


was estimated by Fisher’s method for small samples (Fisher, 1946) and the resulting limits 
of probability are given wherever correlation coefficients are quoted (Table 1, column 9). 
Some temperature coefficients were based on graphs which included results from more than 
one experiment. A measure of the reliability of this procedure is given by expressing the 
8.D. of the regression coefficients in individual experiments as a percentage of the mean 
regression coefficient (Table 1, column 10). 


Fig. 1. Diagram of the mounting assembly. a, axon; b, Pacinian corpuscle; 
¢, petroleum jelly barrier; d, Perspex barrier; e, thermocouple; f, mechanical 
stimulator; g, hollow Perspex chamber; h, inflow; j, outflow; k, hot reservoir; 
I, cold reservoir; m, m, taps. 


RESULTS 
The effects of temperature on the nerve impulse 
General description. A steady reduction in the temperature of the prepara- 
tion resulted in progressive changes in the properties of the recorded 
impulse (Figs. 2; 3a, b). The threshold for initiation and total duration of 
the nerve impulse gradually increased, as did its latency from the stimulus; 


its amplitude, the rate of rise of the diphasic potential and the rate of 


fall of its falling phase decreased (Fig. 4). At temperatures below about 
16°C all-or-nothing activity was no longer observed, the response to 
mechanical stimulus consisting of a receptor potential only. The tempera- 
ture at which the impulse disappeared was remarkably constant, being 
between 15 and 16-7° C in all experiments. The amplitude of the receptor 


> 
omg 
ad 
co. 
ee 
k 
M4 
an 
e a 
.* 
| | 
‘ 
: 
4 
Wi 
5 
Sil 
an 


TEMPERATURE EFFECTS ON PACINIAN CORPUSCLES 283 


potential within this temperature range was usually at least four times the 
threshold value fcr impulse initiation at room temperature. 

In one experiment the axon supplying the corpuscle was stimulated 
electrically central to the recording barrier and the resulting antidromically 
conducted impulse recorded. On cooling this preparation the changes 


Fig. 2 Fig. 3 
Fig. 2. Responses recorded during cooling. Lower trace, mechanical stimulus 
(7 x threshold stimulus at 20° C); upper trace, response. Time marker, msec. a, 20°C; 
b, 17° C; ¢, 15°C; d, 11°C. Impulse present in a and b. 
Fig. 3. Responses recorded in the temperature range 17-37°C. Upper trace, 
mechanical stimulus (5x threshold stimulus at 21°C); lower trace, 


Time marker, msec. a, 17° C; b, 21° C; c, 23:7° C; d, 27-3° C; e, 30° C; f, 31:5° C; 
g, 37° C, 


which were observed in the antidromically conducted impulse were 
similar to those seen, in other preparations, in the orthodromically eon- 
ducted impulse following mechanical stimulation; impulse activity dis- 
appeared in this preparation, following a gradual decline in amplitude, 
at 16°C, 
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All the changes which occurred on cooling were reversible, and heating 
produced the opposite changes. Record a in Fig. 3 shows the response to 
a single mechanical stimulus of one corpuscle preparation at 17°C; the 
nerve impulse disappeared at 16-5° C. Records 6-q illustrate the changes 
in this response during a steady increase in temperature from 21 to 37° C. 
The progressive effects on the total duration, latency, amplitude, rate of 
rise and rate of fall of the recorded impulse are opposite to those observed 
during cooling. This is also true of the effect on the threshold for impulse 


x2 


4—y, 


Fig. 4. Diagram illustrating recorded impulse parameters. Mechanical stimulus 
applied at arrow. L, latency from stimulus; D,, total duration; D,, duration of rising 
phase; Dy, duration of falling phase; A, amplitude; x,/y,, rate of rise peripheral 
to recording barrier; 2,/y,, rate of fall central to recording barrier. 


initiation. At temperatures up to 27-3 °C (records b, c, d) the response 
consists of a single diphasic spike. At 30° C (record e) this is followed by 
a second deflexion, the time course of decay of which suggests that it 
represents a flow of current due to the latter part of the falling phase of the 
receptor potential. This view is supported by other experiments in which 
a comparable phase of the response was graded with respect to the stimulus 


strength. At 31-5° C-(record f) a non-propagated, all-or-nothing potential 


change follows the initial spike at an interval of 2-3 msec; this in turn is 
followed by the tail of the receptor potential. This abortive spike was 
absent at temperatures below 30-6° C, At 37° C (record g) the initial spike 
is followed, at an interval of 2 msec, by a second propagated spike of 
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reduced amplitude and rate of rise. Each spike in this record is followed 
at an interval of 0-8 msec by a further negative deflexion. A series of 
records at various stimulus strengths showed these to be graded. It seems 
probable, therefore, that they represent a flow of current due to the 
receptor potential. 

The maximum number of propagated impulses recorded at raised tem- 
peratures following a single mechanical stimulus, in any experiment, was 
two. In one experiment, however, three abortive impulses or local responses 
were seen following the initial propagated impulse and superimposed on the 
falling phase of the receptor potential. Repetitive firing of the receptor at 
raised temperatures was not observed in all preparations. When it was 
absent the decreasing duration and latency of the single impulse revealed 
an increasing proportion of the receptor potential as the temperature was 
raised (Fig. 7a). 

Quantitative changes in impulse parameters. The changes in various 
parameters of the recorded impulse which took place between 16 and 
36° C are shown as Q,, values in Table 1. The nature of some of these 
parameters is shown in the diagram of a typical impulse record in Fig. 4. 
The positive temperature coefficient of the amplitude of the impulse, which 
was low except at temperatures close to that at which impulse activity was 
abolished, is further illustrated in the graph of Fig. 5. 

The rate of fall of impulse activity, measured as in Fig. 4, is the nearest 
approximation to the true rate of fall at a single node of Ranvier which can 
be made in the ‘normal’ corpuscle preparation. In all probability, however, 
the current flowing across the recording barrier during this phase of the 
response will be due not only to the decline of activity at the first node 
central to the barrier but will include components due to activity at the 
next and, possibly, subsequent nodes; hence the Q,, value for rate of fall 
determined in this way will almost certainly be affected by the Q,, of the 
conduction velocity along the axon. The same objection is true, to a lesser 
extent, of the rate of rise of the impulse recorded peripheral! to the barrier. 
Diamond et al. (1956) have shown that, by passing a suitable polarizing 
current through the terminal parts*of the axon, all-or-nothing activity 
central to the barrier can be blocked and the activity at each of the first 
two nodes identified with certainty. This effect was produced, in the 
experiment on which Fig. 6 is based, by passing a constant current of 
1-26 uA across the barrier, the corpuscle side being the anode. A series of 
monophasic records, at different temperatures, was thus obtained from 
which the rate of rise and rate of fall of impulse activity at the second node 
could be measured. The results of these measurements are plotted in the 
graphs of Fig. 6; the temperature coefficients derived from these graphs are 
given in Table 1. Comparison of these with the values obtained in the 
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unpolarized preparation suggests that the temperature dependence of the 
rate of fall of the impulse, as recorded from that preparation, is exaggerated, 
whereas that of the rate of rise is slightly diminished. 


150 


100 F- 


Amplitude of impulse (% of value at 22°C) 


25 — 

15 20 25 30 35 

Temperature (°C) 
Fig. 5. Changes in amplitude of nerve impulse with temperature. Points 
taken from three experiments. __ 


Diamond e¢ al. (1956) point out that applying a current so that the 
corpuscle is positive increases the rate of rise of the impulse peripheral 
to the barrier and has the reverse effect central to it; these observations 
were confirmed in the present experiments. There is no reason to suppose, 
however, that the temperature dependence of these parameters was 
affected, since the same strength of polarizing current was maintained 
throughout any series of observations. In the experiment of Fig. 6 the 
impulse was abolished by cooling the preparation to 16° C. 
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of rise (In zV/msec) 


> 


Rate of fall (In ¢4V/msec) 


w 


3 


2 
15 20 25 30 
Temperature (°C) 


Fig. 6. Changes in impulse parameters with temperature (polarized preparation). 
Polarizing current 1-26 »A (corpuscle +ve) throughout. 
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The effects of temperature on the receptor potential 
The non-procainized preparation. In records obtained at temperatures 
greater than about 16° C, the time course of the nerve impulse was such 
as to obscure the receptor potential. This masking was complete up to 
about 25° C (as in record a, Fig. 2). At higher temperatures, however, the 
duration of the impulse decreased sufficiently to reveal the falling phase 
of the receptor potential (Figs. 3 and 7). Cooling of preparations below the 


temperature at which the impulse was blocked revealed the full time. 


course of the receptor potential (Fig. 2). In the normal preparation, 


Fig. 7. Maximum ie potentials recorded at different temperatures. Lower 
trace, mechanical stimulus; upper trace, response. Time marker, msec. a and b, 
36° C; c, 32° C; d, 24-8° C; e, 17° C. Impulse present in a, abolished with procaine © 
in b-e. 


therefore, observations of the receptor potential, though severely limited, 
revealed certain facts about this part of the response: its total duration 
(about 5—6 msec in most preparations) remained constant between 8 and 
32° C; a continued lowering of the temperature below that at which the 
impulse was abolished resulted in a progressive decline in its amplitude 
and rate of rise (Fig. 2c, d); it could still be recorded, in preparations with 
a high signal-to-noise ratio, at the lowest temperatures reached, about 8° C. 

The procainized preparation. In order to observe the changes in the 
receptor potential over a wider range of temperature, all-or-nothing 
activity was abolished with procaine in a number of experiments. The 
method of Gray & Sato (1953) was used. As in their experiments, the 
receptor potential was unaffected by procaine in just sufficient concentra- 
tion to abolish the impulse. The impulse, abolished by procaine in this way, 
invariably reappeared when the temperature was raised. To overcome this 
temperature-dependence of the blocking action of procaine, preparations 
were procainized at the highest temperature to be used in any one experi- 
ment. The highest procaine concentration used in any experiment was 0-2%. 
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Records obtained from procainized preparations, such as those in Fig. 7, 3 
showed that the changes seen in the maximum receptor potential, within 
the limited temperature range available in non-procainized preparations, 
were continued up to body temperature. Figure 7 also shows the response 
_of the same preparation before and after procainization at 36° C 


Quantitative changes in receptor potential parameters 

Amplitude and rate of rise. Curves relating the amplitude and rate of 
rise of the receptor potential to the mechanical stimulus strength at three 
temperatures are shown in Fig. 8a, b. Each of the parameters is plotted as 
a percentage of the value obtained at 19° C following the largest stimulus 
used (42 V). Both the curves at 19° C resemble closely those obtained at 
room temperature by Gray & Sato (1953). The potential amplitude increases 
with increasing stimulus strength until a plateau is reached; the rate of 
rise also increases with increasing stimulus strength but, unlike the 
aniplitude, does not reach a maximum within the experimental range of 
stimulus strength. At 37° C the amplitude and rate of rise of the potential 
are increased at all values of stimulus strength and a smaller stimulus is 
_ required to produce a response of maximum amplitude; at 13° C the con- 
verse is true and the curve relating amplitude to stimulus strength at this 
temperature does not reach a plateau within the range of stimulus strength 
used. Thus cooling shifts both the amplitude-stimulus-strength and the 
rate-of-rise-stimulus-strength curves downwards and to the right. Nat 
deficiency (Diamond et al. 1958) causes a similar downward shift of the 
curves without the accompanying shift to the right. The general form of 
the curves is unaltered by either cooling or Na* lack. 

The effects of temperature on the amplitude and rate of rise of the 
maximum receptor potential are illustrated by the graphs of Figs. 9 and 10. 
The Q,) values derived from these graphs are given in Table 1. Rate of 
rise was measured either from the tangent of the angle subtended between 
the rising phase of the receptor potential and the base line or, more usually, 
by dividing the peak amplitude by the duration of the rising phase. The 
former method tended to be inaccurate at high temperatures when the 
slope of the rising phase was very steep, as in Fig. 7); conversely, the 
latter method was less accurate at low temperatures when the peak of the 
_ potential was rounded and consequently difficult to pinpoint exactly on 
the time axis, as in Fig. 2d. | | 

It has already been shown (Fig. 8) that the effectiveness of a stimulus of 
given strength, in terms of the amplitude and rate of rise of the receptor 
potential, becomes progressively less as the temperature is reduced. The 
word ‘maximum’ may; nevertheless, be justifiably applied to the amplitude 


of receptor potentials measured at different temperatures, provided that, 
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at every temperature, (a) the stimulus-strength-amplitude curve reaches 
a plateau, as in the curves at 36 and 19° C in Fig. 8a, and (b) the stimulus 
used is of sufficient strength to produce a response amplitude lying on this 
plateau. These conditions were fulfilled in both the experiments on which 
the curve of Fig. 9 is based; the values of maximum receptor potential 
amplitude plotted in this. curve are therefore strictly comparable with one 
another. 


8 


Amplitude of maximum receptor potential (% of value at 17°C) 


10 20 30 40 
Temperature (°C) 
Fig. 9. Changes in amplitude of the maximum receptor potential with temperature. 
Values obtained from two preparations, both procainized. 


The term ‘maximum receptor potential rate of rise’ is less meaningful 
since, in fact, the rate of rise does not reach a: maximum; its increase, at a 
given temperature, with increasing stimulus strength is continuous up to 
the maximum stimulus strength available (Fig. 8). The effectiveness of 
any given stimulus strength is a function of temperature; therefore, if a 
series of values of rate of rise obtained at different temperatures is to be 
compared, these values must be obtained with ‘equivalent’ stimuli. The 


most obvious ‘equivalent’ stimulus strength would be that which, in each 
19-2 
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case, was just sufficient to produce a receptor potential of maximum 
amplitude. To obtain such a series of values it would be necessary to 
produce sufficient data to plot stimulus-response curves at every tem- 
perature, a procedure too lengthy to be sure that the preparation remained 
stable throughout the series. The values of rate of rise plotted in the curve 
of Fig. 10 were all obtained with the maximum available stimulus but are 


7_r 


Rate of rise of maximum receptor potential (In % of value at 17°C) 


10 20 30 40 


_ Temperature (°C) 


Fig. 10. Changes in rate of rise of maximum receptor potential with temperature. 
Values obtained from two preparations, both procainized. 


only ‘maximal’ in so far as the amplitudes of the receptor potentials, from 
which they were measured, were maximal. The relationship shown by this 
curve is thus dependent on two effects of temperature, that on the rate of 
rise of the receptor potential per se, and that on the effectiveness of the 
stimulus. A similar curve has been plotted in which rate-of-rise values 
were ‘corrected’ to eliminate the second of these temperature effects; 
the Q,, value given by this curve is included in Table 1. It should be 
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emphasized that the method of correcting the rate-of-rise values involved 
many assumptions and extrapolations and is not very reliable. 

Duration and decay. The total duration of the maximum receptor 
potential was independent of temperature. The duration of its rising phase 
decreased and that of its falling phase increased as the temperature was 
raised; the temperature coefficient of both phases was low (Table 1). 
Superimposed tracings of receptor potential records, such as those in 
Fig. 11, suggest that the constancy of the total duration with temperature 
change is due to equal and opposite changes in the duration of the rising 
and falling phases. The observed effect of temperature on the duration of 
the falling phase would be expected if the receptor potential decayed 


msec 


Fig. 11. Superimposed tracings of maximum receptor potential records at two 
temperatures. The upper line traces the response at 19° C, the lower that of the 
same preparation at 13°C; the arrow marks the beginning of the mechanical 
stimulus for both records. | 


exponentially according to the electrical constants of the passive mem- 
brane; the duration of the falling phase at any temperature would then 
depend on the amplitude of the potential, which has a fairly low positive 
- Qo (see Table 1), and the membrane time constant, which has a low 
negative @,, (see below, and del Castillo & Machne, 1953). 

Total duration and duration of rising phase were measured from the 
beginning of the stimulus rather than from the beginning of the rising 
phase, which was often obscured by stimulus artifact. This method of 
measurement is unlikely to have introduced error, since the interval 
between the stimulus and the beginning of the receptor potential, when 
measurable, was only about 0-1 msec and appeared to be independent of 
temperature. 

Figure 8c illustrates the relationship between the stimulus strength and 
the time constant of decay of the receptor potential, the latter being 
plotted as a percentage of the value at 19°C with maximum stimulus 
strength. The mean values at 37, 19 and 13°C were 55-7% (s.D. 8:7), 
97-3 % (S.D. 15-8) and 104-9 %, (s.D. 10-2) respectively. Gray & Sato (1953) 
showed that at room temperature the receptor potential decayed with a 
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time course compatible with an exponential fall, the time constant of 
which was independent of either the amplitude of the potential or the 
stimulus strength. The results presented in Fig. 8c confirm this and further 
suggest that the time constant becomes shorter when the temperature is 
increased. This observation is illustrated quantitatively in the curve of 
Fig. 12, in which the time constant of decay of the maximum receptor 
potential (as a percentage of the value at 17° C) is related to temperature. 
The negative Q,, value derived from this curve is 1-46. 


Time constant (In % of value at 17°C) 


3 l J 
10 20 30 40 


Temperature (° C) 
Fig. 12. Changes in falling phase of maximum receptor potential with temperature. 
Abscissa, temperature (° C). Ordinate, time constant of decay of maximum receptor 
potential (In % of value at 17° C). Values obtained from four preparations, two of 
which were procainized. 


The filled circles in each part of Fig. 13 trace the falling phase of the 
receptor potential, as recorded from the same preparation, at four different 
temperatures; the continuous lines are theoretical exponential decay 
curves. The mean value of the time constant of decay of 11 recorded 


_ receptor potentials at 32° C, each being the response to a different strength 


of stimulus, was 0-84 msec (s.D. 0-12 msec); this is the value used for the. 
time constant of the theoretical curve at that temperature in Fig. 13a. 
The time constants of thetheoretical curvesat 29-8, 24:8 and 17°C (Fig. 135, 
¢,d) were calculated from the value at 32° C on the assumption that the 
Qo value given by Fig. 12 was correct. The experimental values in Fig. 13 
fit the corresponding theoretical curves sufficiently well to suggest that the 
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decay of the receptor potential is, in fact, exponential and that its time 


constant has a value and temperature coefficient which are consistent with 
a passive recharging of the receptor membrane. | 


50 


0-84 msec 


3 


50 
d 
17°C 
4 1:46 msec 
20F 
BY 
3 1 2 3 
msec msec 


Fig. 13. The falling phase of the maximum receptor potential at different tem- 
peratures, At each temperature the solid circles trace the falling phase of a receptor 
potential recorded from the same preparation, following an identical stimulus, the 
uppermost point showing the peak of the potential; the continuous lines are the 
theoretical exponential decay curves at the same temperatures. Scales: horizontal, 
msec; vertical, .V.. Upper figure against each curve indicates temperature, lower 
figure time constant of the exponential curve. Procainized preparation. For further 
details see text. 


DISCUSSION 
There has been much work on the temperature coefficients of the nerve 
impulse; some of this has been reviewed by Tasaki & Spyropoulos (1957). 
The results differ considerably. The more important factors considered in 


this paper are the amplitude, which is determined by a condition of zero” 


net current, the rate of rise, which is dependent on the net inward current, 
and the rate of fall, which is related to the recovery process. The tempera- 
ture coefficients found for these parameters are in general agreement with 
those reported by Adrian (1921), Tasaki & Fujita (1948), Hodgkin & Katz 
(1949) and other workers. The temperature coefficient of the threshold is 
also reasonably close to that found by Tasaki (1949). 

The main purpose of the present work has been to investigate the 
temperature dependence of the principal parameters of the receptor 
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potential with a view to adding to our understanding of its mechanism. 
The rate of rise and rate of recovery are perhaps the most interesting of 
these parameters; the latter will be considered first. At all temperatures - 
and stimulus strengths the time course of the falling phase of the receptor 
potential has proved to be consistent with an exponential decay. This 
confirms the results obtained at room temperature by Gray & Sato (1953) 
and extends them over a wide temperature range. The value of the time 
constant is of the order to be expected of a nerve membrane (see Gray & 
Sato) and its temperature coefficient is very close to that found for passive 
membrane resistance (del Castillo & Machne, 1953; Coraboeuf & Weid- 
mann, 1954). Since the membrane capacitance may be expected to have 
a negligible temperature coefficient (Tasaki & Spyropoulos, 1957), the 
results presented in this paper suggest that the decay of the receptor. 
potential results from a passive recharging of the nerve membrane with a 
time course determined by its resistance and capacitance. This suggestion 
is the same as that put forward, on more direct evidence, to explain the 
decay of the end-plate potential and certain synaptic potentials (Eccles, 
Katz & Kuffler, 1941; Eccles, 1957). 

There is reason to suppose that the receptor potential is the result of 
ionic movements following changes in membrane permeability caused, 
directly or indirectly, by the mechanical events in the neighbourhood of 
the nerve membrane (Katz, 1950; Gray & Sato, 1953; Diamond ef al. 1958; 
Gray, 1959). The change which occurs in the membrane, as a result of the 
mechanical disturbance, will be reflected in the membrane current, since 
the electrochemical gradients vary little; this current will, in turn, be 
reflected in the rate of rise of the receptor potential. The temperature 
coefficient of the rate of rise therefore gives one index of the temperature- 
dependence of the active process. Another approach is to assume, on the 
evidence discussed in the last paragraph, that the recharging of the 
membrane is determined by its resting electrical characteristics, in which 
case the time course of the active process may be computed (Eccles e¢ al. 
1941), This has been done for results at two temperatures in Fig. 14. The 
intensity and rate of development of the active process are reduced at the 
lower temperature but its duration is virtually unaffected. These effects 
could occur at any or every stage between the application of the mechanical 
pulse and the change of membrane permeability. Present evidence suggests 
that the membrane change during a receptor potential may be similar to 
that during an end-plate potential but that the preceding events may be 
different, particularly in relation to the release of a chemical transmitter. 
A big difference in the temperature coefficients of the rates of rise of the 
two potentials would support the idea that such differences exist; @ 
similarity of value, however, does not necessarily imply a similarity of 
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mechanism. The results reported for the end-plate potential by Eccles e¢ al. 

t (1941) and Takeuchi (1958) are only slightly higher than those presented wi 
i above for the receptor potential. On the other hand, Eccles et al. have . 
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Fig. 14. Full lines are receptor potentials, recorded from same preparations, at 

temperatures indicated. Solid circles trace the probable time course of the active 
phase (see Eccles, Katz & Kuffler, 1941). Ordinates: arbitrary units. Abscissae: 
time (msec) after mechanical stimulus. | 
shown that the time course of the transmitter action at the motor end- } | 
plate is greatly slowed by a reduction of temperature and that this may 
be an indication of its chemical nature. The temperature-independence of : 
the duration of the active process computed for the receptor potential | 
(Fig. 14) may therefore be regarded as a finding which would be unexpected | 
if a chemical transmitter were involved. | | ) 
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The major part of the transfer of charge across the nerve membrane 
which results in the receptor potential is probably due to the sodium ion 
(Diamond e¢ al. 1958); this ion also carries the membrane current respon- 
sible for the initial phase of the impulse. The results presented above show 
that the temperature coefficient of the rate of rise of the receptor potential 
is lower than that of the impulse; the difference between the two is not 
sufficient, however, to suggest that the mechanisms of Nat transport are 
different in the two forms of activity, but this does not necessarily mean 
that they are the same. Some measure of support for the belief that they 
are, in fact, different is provided by the results observed with procaine. 
This nerve-blocking agent is known to act by inhibiting the Na+-carrying 
mechanism (Straub, 1956; Taylor, 1959) but a concentration of it sufficient 
to block the impulse has no observable effect on the receptor potential. 

Two points which, although subsidiary to the main aim of this paper, 
merit discussion are the disappearance of the impulse on cooling and the 
repetitive firing of the receptor sometimes seen on heating. It is probable 
that the former observation was due to a failure of the axon to conduct 
_ Tather than a threshold phenomenon. The evidence for this conclusion is 

fourfold. First, the gradual decline in the amplitude of the impulse before 
its disappearance, as illustrated by the temperature—amplitude curve in 
Fig. 5, was similar to that observed by other workers (Lundberg, 1948; 
Douglas & Malcolm, 1955). The typical threshold picture produced by a 
receptor potential of inadequate amplitude (Gray & Sato, 1953, Fig. 2c) 
was not seen. Secondly, at the blocking temperature the amplitude of the 
receptor potential and the stimulus strength were always several times 
their threshold values at room temperature and the temperature coef- 
ficients of receptor potential amplitude and threshold were small. Thirdly, 
block occurred at much the same temperature in all preparations. Lastly, 
when the axon was stimulated electrically the antidromically conducted 
impulse disappeared at the same temperature and in the same manner as 
the mechanically excited, orthodromically conducted impulse in other 
preparations. The temperature at which block occurred agreed with the 
observations of other workers (Douglas & Malcolm, 1955; Dodt, 1953). 

The different effects of temperature on the total durations of the receptor 
potential and the impulse provide a simple explanation of the repetitive 
firing observed at higher temperatures, assuming the refractory period of 
the axon to be approximately equal to the spike duration (Adrian, 1921; 
Tasaki, 1953). At room temperature the durations of the two potentials 
are about equal and by the time the first node ceases to be refractory the 
current flow due to the receptor potential is already below the threshold 
value. As the temperature is raised the refractory period and the threshold 
decrease, the receptor potential amplitude increases and its duration 
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remains constant; eventually the refractory period decreases sufficiently 
to allow the node to be re-excited, first once and then several times. If this 
explanation is correct, and the appearance of ‘local responses’ in some 
preparations suggests that it is, the number of impulses following a single 
stimulus in any preparation should depend on its excitability and its 
temperature. Gray & Malcolm (1950), working on the intact animal, in 
which the excitability of the receptors should be high, recorded as many as 
five impulses, whereas we have never observed more than two in the 
isolated corpuscle at an equivalent temperature. 


SUMMARY 


1. The electrical responses of isolated mesenteric Pacinian corpuscles of 
the cat, and their axons, have been studied at different temperatures in the 
range 8-37° C. | 

2. The amplitude, rate of rise and rate of fall of the nerve impulse 
' decreased on cooling; between 15 and 16-7° C it disappeared. 

3. Repetitive firing of the receptor following a single mechanical 
stimulus has been observed at temperatures greater than 25° C. 

4, The amplitude and rate of rise of the receptor potential also decreased 
‘on cooling but it was not abolished at 8° C; its total duration did not 
change. 

5. The exponential time course and Q,, of the recovery phase of the 

receptor potential suggest a passive recharging of the nerve membrane 
- as the underlying mechanism. 

6. Temperature coefficients of various parameters of the impulse and 


the receptor potential have been determined and tabulated; their possible _ 


significance is discussed. 
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Hyperglycaemia, probably due to acute insulin deficiency, has been pro- 
voked in the mouse (Moloney & Coval, 1955; Moloney & Goldsmith, 1957), 
the rat, rabbit and cat (Armin, Grant & Wright, 1960a, b) by intravenous 
or intraperitoneal injection of serum from guinea-pigs which have received 
prolonged treatment with insulin. The guinea-pig, therefore, provided a 
useful source of serum for the production of acute insulin deficiency in 
experimental animals..We now show that under certain conditions guinea- 
pigs yield potent anti-insulin serum which can be conveniently assayed in 
vivo in rats and which will agglutinate insulin-conjugated sheep red cells. 
Its insulin-neutralizing properties are probably due to antibodies which 
combine directly with the hormone but are not species-specific. 


METHODS 


Insulin. Bovine insulin (22-2 u./mg) recrystallized six times, sheep and pig insulins 
(20 u./mg) recrystallized once were provided by Boots Pure Drug Co. Ltd. Bovine insulin 
precipitated at pH 7-4 (20 u./mg) was prepared by the Wellcome Research Laboratories. 

Insulin antigen. Bovine insulin (10 mg) was dissolved in a solution (10 ml.) of phenol 
(0-3 g/100 ml.) in water acidified with HCl to pH 2-6 approx. This solution was then emulsi- 
fied in a Waring blender with an equal volume of either (a) liquid paraffin B.P. 7 ml. and 
anhydrous lanolin (Adeps lanae, B.P.) 3 ml. or (6) Arlacel A (Mannide mono-oleate) 1-5 ml., 
Bayol F (paraffin oil) 8-5 ml. and 5 mg Mycobacterium butyricum (killed and dried) ; available 
commercially as Bacto-Adjuvant, Complete (Freund), Difco Laboratories, Detroit. For 
control purposes emulsions containing no added insulin were used. 

Treatment of guinea-pigs. Groups of six to twelve albino guinea-pigs were injected sub- 
cutaneously every 4 weeks with 2 ml. of freshly prepared antigen emulsion, half between 
the shoulders and the remainder into the flanks or inner aspects of the thighs. About 
10 ml. blood was obtained by cardiac puncture under light ether anaesthesia 12-14 days 
after antigen injections. Sera separated from the blood drawn from animals of the same 
group at any one time were combined and stored at —10° C. Sera obtained from different 
groups of animals were usually kept separate. 

Guinea-pigs weighed 300-400 g when first injected with antigen. Those in groups J, G, 
K, L, M, P, R and S received recrystallized bovine insulin; those in group O were injected 
with bovine insulin precipitated at pH 7-4; gontrol animals in group H were injected with 
emulsions containing no insulin. All animals received emulsion (a) except in December 1959, 
when all but the animals in groups L and M received emulsion (5). 3 
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Serum injection into rats. Conscious albino Wistar rats (160-220 g) of either sex were given 
guinea-pig serum (0-25-1-00 ml.) by way of the tail vein by the method already described 
(Armin e¢ al. 1960a), Both before and after injection they had free access to food and 
water. Blood samples (0-2 ml.) were obtained from the cut end of the tail after collection in 
watch glasses containing dried anti-coagulant (1 drop 3% potassium oxalate and 1 drop 
03% potassium fluoride) and their sugar contents determined by a modification (Wright, 
1957) of the method described by King (1951). 


Assay of guinea-pig anti-insulin serum 


The potencies of sera were deduced from their effects in vivo in rats and in vitro upon — 


insulin-conjugated sheep red cells. 

Assay in vivo. Three methods were adopted in which serum with or without added insulin 
was injected intravenously into conscious fed rats: 
(a) Groups of four rats were injected with varying doses (0-1—1-0 ml.) of anti-insulin serum 
(Batch 34943) and blood-sugar estimations were carried out at 15 min intervals thereafter. 
The potency of the serum was determined by the method previously described (Armin et al. 
19604). 
(6) Groups of eight animals were injected with a constant volume (0-5 ml.) of serum (Batch 


34943) to which varying amounts of recrystallized bovine insulin (0-1 u.) in saline (0-25 ml.) 


had been added 3-12 min previously. The blood-sugar concentrations were determined at 
15 min intervals for 1 hr or until the levels had returned to normal. The mean areas under 
the response curves and the mean changes in blood-sugar concentration produced by each 
mixture of serum and insulin were then calculated. 

(c) Groups of two to four animals received a constant dose (0-5 ml.) of serum, and the 
blood-sugar concentrations determined at selected intervals up to 2 hr later. 

It was shown previously (Armin e¢ al. 1960a) that, irrespective of the volume of anti- 
insulin serum injected, the blood-sugar concentrations of conscious fed rats increase at a 
constant rate (mean = 3-16+ 0:11 mg/100 ml./min) and then fall at a uniform maximum 
rate (mean = 5-36 + 0-24 mg/100 ml./min). It can be calculated, therefore, that the area (A) 
under such a curve is given by the equation __ | | 


A = 0-99 (0-187ABS +#)? mg/100 ml. x min, 


where ABS, measured as the blood-sugar concentration is falling, is the difference between 
the level (mg/100 ml.) measured ¢ min after, and the concentration before the serum 
injection. Knowing the effects produced by a standardized sample of serum (Batch Y; 
1-3 u./ml.; Armin e¢ al. 1960a) it is possible to determine the approximate potency of a 
serum by using this equation and values of ABS obtained at suitably selected time intervals 
after its injection: 7 
0 = inactive; no increase (< 20 mg/100 ml.) in blood-sugar concentration in 15 or more 
minutes; | 

1 = < 0-9 u./ml.; a definite increase (> 20 mg/100 ml.) in 15 or 30 min but none (< 20 mg/ 
100 mal.) at 60 min; 


2 = 0-9-1-8 u./ml.; an increase of 20-160 mg/100 ml. at 60 min but none (< 20 mg/100 ml.) 
at 120 min; | 


3 = 1-8-3-3 u./ml.; a greater increase (> 160 mg/100 ml.) at 60 min but none (< 20 mg/ | 


100 ml.) at 120 min; 
4= > 3-3u./ml.; a large increase (> 160mg/100 ml.) at 60min and a definite rise 
(> 20 mg/100 ml.) at 120 min. 

Assay in vitro. Sheep red cells were conjugated with recrystallized bovine insulin (unless 
otherwise stated) by the method of Arquilla & Stavitsky (1956a) using bis-diazotized 
benzidine. Guinea-pig sera were heated at 56° C for 30 min to destroy complement. Normal 
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rabbit serum similarly treated to destroy complement and adsorbed with an equal volume 
of washed sheeps’ red cells was diluted 1/100 in isotonic phosphate buffer (pH 7-4). This 
diluted rabbit serum (NRS) was used to dilute the gu’nea-pig serum and to suspend the 
red cells. | 

To serially diluted guinea-pig serum (0-5 ml.; 1/20-1/5120) was added a 2% suspension 
of insulin-conjugated red cells (0-05 ml.), the mixture being agitated to disperse the cells 
and then allowed to stand at 4° C during the night. The highest guinea-pig serum dilution 
was then noted at which the red cells adhered as an even carpet over the bottom of the 
tube (Stavitsky, 1954); this is termed the agglutinating titre of the serum. For control pur- 
poses in each experiment (1) unconjugated sheep red cells were exposed to diluted (1/20) 
guinea-pig serum and (2) bovine insulin (0-05 mg in 0-05 ml. phosphate buffer) was added to 
diluted guinea-pig serum (0-5 ml.; 1/20) before exposure to the conjugated red cells. 


RESULTS 
Assay in vivo 


Table 1 shows that the hyperglycaemic effect of 0-5 ml. anti-insulin 
serum (Batch 34943) is not abolished by the addition of 0-75 u. insulin, 
whereas all those~animals injected with the mixture containing 1-0 u. 
insulin became hypoglycaemic within 15 min. This implies that 1-0 ml. of 
the serum neutralizes between 1-5 and 2-0 u. added insulin. By comparing 
the effects of this serum with that of a sample (Batch Y) whose potency 
had been established in mice, it was found by method (a) that 1 ml. serum 


TaBLE 1. Mean changes in blood-sugar concentration and mean areas under response 
curves produced by intravenous injection into groups of eight conscious fed rats (171- 
200 g) of guinea-pig anti-insulin serum (Batch 34943; 0-5 ml.) mixed 3-12 min previously 
with recrystallized bovine insulin (0-1-0 u.) in 0-9% saline (0-25 ml.) 


Time after Insulin added (u.) 
injection A 
(min) 0 0-25 050 0-75 1:00 
15 + 65 +60 +40 —21 
| 30. +93 +127 +91 +44 — 25 
Mean change in blood 45 +139 +152 + 67 +21 — 30 
sugar concn. 60 + 168 +128 +33 +18 ai 
(mg/100 ml.) 75 +135 +71 +14 _— _ 
90 +46 +27 — — 
105 +9 +16 — 
Mean area under response curve +8.E. 0:95 0-86 0-40 0-15 ~ 
(mg/100 ml. x min x 10~*) +0-044 +0086 +0-070 +0-020 


would neutralize 1-8 u. insulin. Also, since 0:5 ml. of the serum elevates 
the blood-sugar concentration by more than 160 mg/100 ml. in 1 hr 
(Table 1), but fails to maintain hyperglycaemia for 2 hr, 1 ml. as judged 
by method (c) neutralizes between 1-8 and 3-3 u. insulin. Thus essentially 


the same result is obtained whichever of these three methods of assay is 
used. 
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Assay in vitro 

Table 2 shows the effects of 44 samples of guinea-pig serum upon insulin- 
conjugated red cells compared with the results of assays in vivo (method c). 
Five samples of serum from control animals (Group H) and one of normal 
guinea-pig serum failed to agglutinate or to provoke hyperglycaemia. 
Two sera from animals of groups @ and K, following two injections of 
antigen, either failed to agglutinate or to produce detectable hyper- 
glycaemia. All the remaining sera produced hyperglycaemia and aggluti- 
nation at dilutions of 1/80 or more; all were obtained from insulin-treated 


guinea-pigs. 
TasLE 2. A comparison of the titres at which 44 specimens of guinea-pig serum agglutinate 


sheep red cells conjugated with bovine insulin and their hyperglycaemic effects in conscious 
fed rats. For details of experimental methods and units of potency see text 7 


Assay in vitro 


Assay in vivo 
A 


Red cell agglutination titre 
A. 


1 
1/80 1/160 1/320 1/640 1280 2560 


activity samples Nil 1/20 1/40 
l 6 — — — 4 1 — 
2 23 — — — 1 2 6 i) 5 — 
3 5 — — — — — 1 2 2 — 
4 3 — — — — 1 1 
Totals 44 7 1 0 1 6 8 12 8 1 


Species-specificity of anti-insulin serum 

The addition of bovine, pig or sheep insulin to anti-insulin serum before 
intravenous injection significantly reduces its hyperglycaemic effect in 
rats (Table 3). In addition, the agglutination of sheep red cells conjugated 
with bovine insulin is prevented when bovine, pig or sheep insulin is first 
mixed with the serum (Table 4). Red cells conjugated with bovine, pig 
or sheep insulin are also agglutinated at comparable dilutions by anti- 
insulin serum (Table 4). 


Effect of insulin treatment upon guinea-pigs 
Over a period of 20 months, eighty-four guinea pigs were given injections 
of antigen for periods ranging from 8 to 19 months (Table 5); six control 
animals were also used (Group H). During this time fifty-one animals 
died, eighteen between the time of antigen injections and the subsequent 
bleeding and thirty-three after cardiac puncture. Most (22) of the deaths 
which followed cardiac puncture occurred within 24 hr and were due to 


haemorrhage into the pericardial or pleural cavities, and of those animals 


Degree No. of 
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TasBLE 3, Mean areas under response curves produced in conscious fed rats by the intravenous 
injection of guinea-pig anti-insulin serum (Batch 34943; 0-5 ml.) mixed 3-12 min previously 
with bovine, pig and sheep insulin (0-5 u.) 


Area under response curve 
No. of (mg/100 ml. x min x 10-*) 
Insulin added rats 
to serum injected mean range 
Nil 8 0-95 0-76-1:15 
Bovine 8 0-40  O-21-0-62 
Pig 4 0-30 0-24—0-39 
Sheep 4 0-34 0-21-0-43 


Taste 4. The effects of bovine, pig, and sheep insulin upon agglutination of insulin- 
conjugated sheep red cells; for details see text 


Insulin added 
Insulin toserum before Anti-insulin 
conjugated exposure to serum used Red cell 
with red cells red cells (batch no.) agglutination titre 
Bovine Nil 34943 
Sheep Nil 16204 1/160—1/320 
Pig Nil 23 ; 
Bovine Bovine Nil 
Bovine Sheep 34943 Nil 
Bovine Pig Nil 


TaBLE 5. The responses of 9 groups of guinea-pigs treated between November 1958 and 
June 1960 with emulsions containing insulin. Animals in Group H received emulsions 
containing no added insulin. Animals in group O received bovine insulin precipitated at 
pH 7-4. All other groups received recrystallized bovine insulin. In December 1959 all 
animals except those in groups L and M were injected with emulsions containing Mycv- 
bactertum butyricum. The definition of serum potency (0-4) is given in the text 


Group... E G K L M eo R 8 H 
First May 1957— Dec. Jan. Mar. Apr. Aug. Oct. Nov. Nov. Oct. 
injection... Sept. 1959 1958 1959 1959 1959 1959 1959 1959 1959 1959 
No. of . | 
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_ with insulin. Thus groups #, L, M, R and 8 produced active serum (2-4) 


_ precipitated at pH 7-4 as the antigen (Group 0). 


_ treatment with insulin, serum which will provoke hyperglycaemia in other 


_ probably caused by intercurrent infections. In other respects, however, 


GUINEA-PIG ANTI-INSULIN SERUM 307 


which died later many showed evidence of similar haemorrhages. Of those 
which died after injections of antigen, few (2) died within 24 hr and none 
showed evidence of hypoglycaemia before death. It should be pointed out; 
however, that many of the animals which did not die from haemorrhage 
showed only non-specific lesions at necropsy, macroscopic evidence of 
infection in the lungs being found most commonly. 

Table 5 shows the potencies of sera obtained at different times from 
these guinea-pigs. During 8 months of treatment, the control animals 
(Group H) injected with emulsions containing no added insulin never 
yielded serum producing hyperglycaemia in rats. After two or three 
injections of insulin antigen all the other groups of animals, however, 
produced serum with detectable activity. Thereafter each group produced 
serum of consistent potency, irrespective of the duration of the treatment 


whereas groups G@, K, O and P gave consistently weaker samples (1-2). 
The injection of emulsions containing Mycobacterium butyricum in 
December 1959 did not cause any consistent changes in the potencies of 
sera obtained later and no apparent advantage was gained by using insulin 


DISCUSSION 
‘The guinea-pig is the only animal which is known to produce, after 


experimental animals. It seemed important, therefore, to learn the opti- 
mum conditions for the production of highly active guinea-pig anti-insulin 
serum. The procedure adopted was similar to that described by Moloney 
& Coval (1955), but our experience differs from theirs in one important 
respect. Moloney & Goldsmith (1957) reported that of the animals which 
received a comparable dose (25 u.) of insulin antigen, 58 %‘died in hypo- 
glycaemic convulsions after the first injection and 11% of the survivors 
died after the second; administration of glucose did not prevent these 
deaths. No deaths due to hypoglycaemia were observed in our animals 
at any stage in their treatment with insulin. This is possibly due to the 
fact that we used lanolin as an emulsifying agent, whereas Moloney & 
Coval (1955) used mannide mono-oleate. The majority of our deaths were 
directly due to haemorrhage following cardiac puncture and some were 


our experiences are similar to those of Moloney & Goldsmith (1957), from — 
Whose results it was concluded that serum with an insulin-neutralizing 
potency of about 0:8 u./ml. might be expected from most animals injected _ 
at monthly intervals with 20-50 u. insulin and bled 10-20 days later. All 
our animals injected with recrystallized insulin or insulin st at 
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pH 7-4 yielded weakly active serum within 2-3 months, but later some 
groups produced highly active serum (> 1-8 u./ml.) whilst others yielded 
consistently weak specimens (< 1-8 u./ml.). The variable and unpredict- 
able responses of these groups of guinea-pigs cannot be explained at present. 
No advantage was gained by incorporating Mycobacterium butyricum in 
the antigen emulsion; anti-insulin activity did not rise and chronic ulcers 
developed at injection sites. It was found, however, that those groups of 
animals which had not yielded potent serum within 5 months seldom did 
so later and that, with the procedure outlined above, the best yield of 


active serum could be assured if unresponsive animals were discarded after — 


this time and attention concentrated on those yielding active serum. If 
the fatal haemorrhages produced by cardiac puncture could be avoided 
such animals should continue to yield active serum for long periods. 
However, the guinea-pig is a small animal and cannot be expected to give 
more than about 10 ml. blood at any one time. Another animal should 
therefore be sought which produces similar anti-insulin serum in larger 
quantities. Possibly a near relative of the guinea-pig, such as the capybara 
or the agouti, might prove satisfactory. 

By directly neutralizing the active component of guinea-pig serum with 
added insulin (method b) it was found that the assay method previously 
described (method a; Armin ef al. 1960a) gives a correct though only 
approximate estimate of insulin-neutralizing potency. This latter method 
was used to assay pooled samples of serum but it is tedious. The simpler 
method (c) described above, which requires fewer blood-sugar estimations, 
proved useful in determining the approximate potencies of a large number 
of sera samples obtained at various times from the treated guinea-pigs. 
The effects of these sera in vitro upon insulin-conjugated red cells are 
comparable with their hyperglycaemic actions in vivo; no false positive 
results were obtained in either system and, in general, those which proved 
most active in vivo also agglutinate at the highest dilutions. If, as is now 
supposed (Moloney & Coval, 1955; Wright, 1959, 1960), the active com- 
ponent of this serum is an insulin antibody, it seems likely that the one 
which neutralizes and inactivates endogenously secreted insulin in the rat 
must also be responsible for the agglutination of insulin-conjugated red 
cells. 

* Much evidence supports the hypothesis that insulin antibodies in 
guinea pig anti-insulin serum are not species-specific. Guinea-pig anti- 


insulin serum inhibits the effects of bovine, pig, sheep and human insulin © 


upon glucose consumption by the isolated rat diaphragm (Wright, 1959). 
It also agglutinates sheep red cells conjugated with bovine, pig and sheep 
insulin and its action upon cells conjugated with bovine insulin is inhibited 
by these three insulin preparations. These observations strongly suggest 
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that the antibodies in guinea-pig anti-insulin serum are not species-specific 
and that they combine directly to inactivate the hormone. The reduction 
in hyperglycaemic activity produced by the addition of bovine, sheep 
and pig insulin could also be interpreted in the same way. However, the 
added insulin could exert its own biological action independently, or it 
could combine with injected antibody and so reduce the amount of anti- 
body available to neutralize endogenous insulin. In either case the hyper- 
glycaemic effect of the injected serum would be reduced and it should not 
necessarily be concluded therefore that any direct reaction has occurred 
between the injected insulin and antibody. Such a conclusion is only 
warranted if (1) injection of the serum alone does not produce hyper- 
glycaemia or (2) the material injected with serum which alone provokes 
hyperglycaemia has no insulin-like activity in vivo. Moloney and his co- 
workers (Moloney & Coval, 1955; Moloney & Goldsmith, 1957) have shown 
_ that serum from insulin-treated guinea-pigs, rabbits, sheep and horses 
will neutralize the effects in mice of insulin extracted from the pancreas 
of the rabbit, sheep, horse, pig, ox and monkey. In the case of horse 
anti-insulin serum this neutralization is probably due to direct combination 
of insulin with the antibody in the injected serum, for this serum does not 
provoke hyperglycaemia in the mouse (Moloney & Goldsmith, 1957) and 
will form a precipitate with the hormone in vitro (Moloney & Aprile, 1959). 
Rabbit anti-insulin serum will also agglutinate insulin-conjugated red 
cells (Arquilla & Stavitsky, 1956a, b). Additional information such as this, 
and the results of the in vitro experiments described above, provide more 


conclusive evidence for a direct physical reaction between antibodies and © 


insulin than do the results of experiments carried out in vivo with mixtures 
of anti-insulin sera and the hormone. The only criticism which has been 
levelled against the conclusions obtained from the experiments with 
insulin-conjugated red cells is that impurities in the antigen used to treat 
the animals could induce antibodies which react with cells conjugated 
With the same preparation (Lapresle & Grabar, 1957). This could hardly be 
true in the present instance unless, as is most unlikely, all three insulin 
preparations conjugated with the red cells contained the same impurity 
as the bovine insulin used to treat the guinea-pigs. 


SUMMARY 


1. The insulin-neutralizing potency of guinea-pig serum 
ean be estimated from the effects it produces on intravenous injection 
either alone or in conjunction with insulin into fed conscious rats. 


2. Active serum also agglutinates sheep red cells conj — with — 


insulin by means of bis-diazotized benzidine, 
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3. The antibodies which guinea-pig anti-insulin serum is thought to 
contain are not species-specific; evidence obtained from eremnnts in 
vitro suggests that they combine directly with the hormone. 

4. On treatment with insulin suspended in an emulsion guinea-pigs 
yield active serum within 3 months. Within 5-6 months it is possible to 
select those which will produce very active anti-insulin serum. The major 
cause of death amongst treated animals was haemorrhage due to cardiac 
puncture but none died from hypoglycaemia. 


We wish to thank Messrs Boots Pure Drug Co. Ltd., and Wellcome Research Laboratories 
for the specimens of insulin; Professor W. J. H. Butterfield, Dr R. T. Grant and Professor 
R. H. 8. Thompson for their advice and encouragement and Mr Kenneth Kilbourn for 
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The effect of succinylcholine and decamethonium in reducing the 
directly evoked twitch contraction of the rat gastrocnemius muscle has 
recently been described (Irwin & Wells, 1959). With maximal stimulation 
isometric contractions were reduced to an average of 50% of the control 
value but complete block to direct stimulation was not observed. The block 
to direct stimulation developed at a much slower rate than to indirect 
stimulation. Thus, different processes are probably involved, although the 
faster one may well initiate the slower. These findings could be explained 
on the basis of inexcitability of a large portion of the muscle membrane, 
a reduction in the activity of contractile elements or an alteration of the 
time course of the active state of muscle. Lack of a definitive explanation 
for the block to direct stimulation led to speculation that depolarizing 
agents such as succinylcholine and decamethonium might produce changes 
in the mechanical characteristics of the contractile elements. 

Lightly loaded skeletal muscle behaves mechanically like a two- 


component system (Hill, 1949) containing a contractile element in series. 


with a passive elastic component. The mechanical changes of whole 
muscle approach more nearly those of the contractile component when 
the influence of the series-elastic element is greatly reduced or, eliminated 
by isotonic recording. In the present experiments, therefore, the effect 
of succinylcholine on the isotonic contraction of muscle was studied in 


order to determine whether the contractile elements were directly affected 


by a compound which depolarizes muscle membrane. 


METHODS 


Preparation. Albino rats of the Osborn—Mendel strain (200-290 g) were used. Anaesthesia 
was induced and maintained with intravenous thiopental sodium as previously described 
(Irwin & Wells, 1959). The anterior tibial muscle was used because of accessibility and rather 
parallel arrangement of the fibres, evidence for which may be seen in Fig. 2B, A loop of 
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fine silk was tightly knotted around a small part of the tendon of origin adjacent to the 
patella and again on the tendon of insertion where it passed beneath the transverse crural 
ligament. The distance between the knots was taken as the in situ length of the muscle, 
since the hind limbs of the anaesthetized rat lying supine orient themselves so that the 
anterior tibial muscle is within 1 mm of its maximal body length, The variation in length 
was small among rats with comparable body weight. The distal three-fourths of the muscle 
was separated from adjacent tissue. The peroneal nerve was dissected free, ligated, and cut. 
Small indentations drilled in the medial and lateral surfaces of the distal ends of both the 
tibia and femur received the points of two opposing screw clamps, immobilizing the limb 
without interference with the blood supply. The leg was positioned so that the muscle 
pulled in a horizontal plane. Artificial respiration was begun as soon as the limb was im. 
mobilized and maintained for the duration of the experiment with a Palmer Miniature 
Ideal pump. | 

Mechanical recording. The tendon of insertion of the muscle was tied to one end of a small 
brass link connected to the load by a length of nichrome wire (diameter 0-13 mm). The 
wire (later replaced by fine jeweller’s chain to permit even greater flexibility) traversed 
a light plastic pulley (diameter 1 cm) suspended on a hardened steel shaft; conical pivot 
bearings were used to reduce friction. The small brass link was joined but not rigidly fixed 
to one end of a lever shaft consisting of an 8 cm length of 16-gauge steel hypodermic tubing 
delicately pivoted midway between its ends, allowing it to rotate in the horizontal plane 
while following the muscle. A silvered slide cover-glass cemented to the other end of the 
shaft reflected a beam of light on the moving film of a Grass kymograph camera. Muscle 
movement was amplified 8 times. The equivalent mass of the unloaded lever system without 
the muscle was 360 mg. This was determined by recording the ‘extra force’ due to the lever 
system with a sensitive strain gauge during an acceleration of about 14 times gravity. For 
isometric recording, the chain was linked to a Statham strain-gauge transducer by a canti- 
lever reduction bar. 

Stimulation. Single maximal stimuli were applied alternately to the muscle and nerve as 
described previously (Irwin & Wells, 1959) with the following modification of the directly 
placed electrodes. The muscle was impaled by a piece of fine nichrome wire (about 40 cm 
long) midway between its ends. The wire, suspended perpendicular to the longitudinal axis 
of the muscle, served as the cathode and offered negligible resistance to the movement of 
thé muscle. One bone clamp served as anode to complete the direct stimulation circuit. 
The stimulus artifact was recorded when a second beam of light, supplied by a neon bulb, 
was aligned on the film. The bulb was activated simultaneously with the direct muscle 
stimulus by an additional Grass stimulator. 

Eaperimental procedure. Wilkie (1956) has shown that recoiling series-elastic elements, 
stretched during the first moments of contraction, may distort the earliest part of isotonic 
shortening in frog skeletal muscle. Since, in the experiments reported here, the muscle was 
linked directly to its load, the inertia from all but the lightest load was sufficient to produce 
an inflexion in the initial rise of shortening (within 15 msec) after a single maximal direct 
stimulus. In an attempt to keep the contribution of the elastic element at a minimum 
during shortening the maximum load used was 22-6 g; this is approximately 10-15 % of the 
maximal tension developed by the muscle following single-shock stimulation. After 
establishment of complete neuromuscular block by intravenous tubocurarine chloride 
(0-6 mg/kg), directly evoked isotonic twitch responses were obtained for each of five loads 
and recorded as control observations. When the contraction returned to the control value 
following indirect stimulation, succinylcholine 1-0 mg/kg was administered and the pro- 
cedure repeated. In a few experiments the order of drug administration was reversed and 
in others only one of the two drugs was given. These minor variations in procedure did not 
affect the results. 
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RESULTS 
Time course of block 
A comparison of the time course of block between directly and indirectly 
evoked maximal twitch responses after the administration of succiny]- 


choline is shown in Fig. 1. Part A shows the isometric twitch response 
from alternate direct (D) and indirect (I) stimulation of rat gastrocnemius 


lus 


Shortening (% of control) 


0 10 20 30 40 50 60 70 80 90 
Time after administration (min) 


Fig. 1. Time course of muscle response following intravenous succinylcholine 
administration during alternate maximal direct (D) and indirect (I) stimulation. 
(A) Rat gastrocnemius muscle, isometric recording. Succinylcholine chloride 
administered at heavy marks on time line in doses of 0-2, 0-05, and 0-1 mg/kg, 
respectively. Time marker, minutes. (B) Rat anterior tibialis muscle, isotonic 
recording. Succinylcholine chloride (1-0 mg/kg), injected at zero time: —— direct | 
stimulation, -—-— indirect stimulation. | 


muscle. The total dose was 0-073 mg (0-35 mg/kg) administered in 3 parts, 
as indicated by the heavy marks in the time line, to prevent complete 
block of the indirect response. The response to direct stimulation falls at 
a slow, but rather constant, rate compared to the response from nerve 
stimulation, which has a high initial rate of fall followed by a slower 
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decline as the beginning of recovery is approached. The observation that 
the directly elicited response continued to fall at a time when the indirect 
response had not only ceased to fall but had started to recover is perhaps 
significant. Thus, at the time when the directly evoked response began 
to recover, the indirect response, which had been reduced 96% by the 
drug, had been recovering for about 10 min and had regained 10% of its 
control value. 

Part B of Fig. 1 shows the same comparison as is illustrated in A, 
except that the responses were single maximal isotonic twitches from rat 
anterior tibial muscle. In this case the response from nerve stimulation 
(interrupted line) was completely blocked by intravenous administration 
of 0:29 mg of succinylcholine. However, it had regained more than 15 °/, 
of its control activity while the directly evoked twitches had continued to 
decline to their minimum value. 


Mechanical latent period | 
The latent period of mechanical activity was assessed by measuring the 

time from the stimulus artifact to the first perceptible displacement of 
the light-beam tracing. The film speed was calibrated at the end of each 
experiment and the records evaluated under fivefold magnification. The 
mean mechanical latent time of curarized muscle maximally stimulated 
with single directly applied shocks was 2:8 msec, with a standard deviation 
of +0-8 msec. This figure represents 23 observations at all loads, since no 
correlation was found between latent time and load. The mean value of 
the mechanical latent period of muscle during succinylcholine was 
3-7 msec, standard deviation + 0-8 msec (41 observations at all loads). 
‘The comparison of the difference between the two values for significance 
employing the ¢ test gave a probability value less than 0-001. 


Isometric tetanic response 

Short trains of stimuli, consisting of 10 supramaximal shocks equally 
spaced in 30 msec, were delivered directly to rat anterior tibial muscle — 
every 20 sec. After intravenous administration of succinylcholine chloride 
0:25 mg/kg, which completely blocked the response to indirect stimulation, 
the isometric tetanic tension was reduced 30% of the pre-drug response. 
The time course of the block resembled that seen during single-shock 
stimulation. 

Velocity of shortening 

ieee 2A consists of tracings of the time course of maximal isotonic 
shortening from two animals, and illustrates the influence of succiny!- 
choline on the velocity of shortening of the rat anterior tibial muscle at 
three of the five loads used. Each illustratic: <<asists of a control response 


” 


SUCCINYLCHOLINE ON ISOTONIC CONTRACTION 315 


Z 

> 


No. 14° 


2-6g 


3 
3 


ad 
4 
~ 
+ 
4 


76g 


=>. 
a 


an 
+> 
a 


4 


No. 9 B No. 14 


2-62 


Fig. 2. A. Time course of maximal isotonic shortening before and after succinyl- 
choline. The upper trace in each record, taken from totally curarized muscle 
(tubocurarine 0-6 mg/kg), loaded as indicated on the left, was superimposed on a 
tracing taken during complete neuromuscular block by succinylcholine (1-0 mg/kg). 
O, stimulus’ artifact. B. Comparison of the time course of isotonic shortening 
under differing strengths of stimulation. Upper trace in each record is the upper 
trace appearing at the corresponding load in A. Lower trace taken under identical 


. conditions except stimulus strength was reduced to a level which produced less 


than 40% of normal tension. It may be noted that with light loads the muscle, 
when stimulated submaximally, shortened at nearly the same rate as with 
maximal stimulation. Time marker, 5 msec. 
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(upper trace) taken during total curarization of the neuromuscular ap- 
paratus and a response (superimposed by alignment of stimulus artifacts) 
taken during complete neuromuscular block by succinylcholine. The rate 
of shortening of the muscle was reduced while under the influence of 
succinylcholine. 

Since succinylcholine reduces the velocity of shortening of the muscle 
at even the lightest load, it was advantageous to confirm functionally 
that the anterior tibial muscle fibres were arranged primarily in parallel 


rather than in series. If the arrangement is parallel, it might be deduced — 


that the drug action reduces the velocity of shortening of all fibres, 
influencing either the entire length, or only a part, of each muscle fibre; 
whereas if the arrangement is in series, the drug might have blocked only 
part of the fibres with the remainder left to function normally. Figure 2B 
illustrates the ‘functional’ parallel arrangement of the anterior tibial 
muscle fibres. The top tracing in each illustration is the same that appeared 
as the control response at the corresponding load in Fig. 2.4, and represents 
maximal isotonic shortening with the neuromuscular junction completely 
blocked by tubocurarine. The lower trace was taken under the same 
experimental conditions with the exception that the voltage of the stimulus 
was reduced to an intensity which, when applied to the muscle contracting 


isometrically, elicited less than 40 % of the maximal twitch tension. Thus, 


when excited by a single submaximal shock which stimulated only about 


40%, of the fibres, the muscle shortened at a rate nearly equal to that — 


elicited by a maximal stimulus. This finding seemed to justify the assump- 
tion that the fibres were oriented in parallel, since in a series arrangement 
the shortening velocity would have decreased in proportion to the stimulus 
intensity. 

A deflexion in the tracings, easily seen at the higher loads, appeared 
during shortening and caused considerable difficulty when an attempt 
was made to measure the rate of muscle shortening. Since the maximum 
intensity of the active state had probably started to decay before the 
deflexion occurred (Ritchie, 1954) and because inertia in the recording 
system probably caused the greatest distortion in the tracings of contraction 
at the peak of shortening, the point corresponding to one half of the total 
shortening was arbitrarily selected. The time the muscle required to reach 
that point was measured and used to calculate the velocity of shortening. 
The calculated values represent only an approximation of the true shorten- 
ing velocity of the muscle, with the probable exception of the lightest 
load. However, it was felt that the changes in the true rate of muscle 
shortening were large enough to be adequately reflected in these measure- 
ments. Figure 3A shows curves derived by plotting the velocity of shorten- 
ing, calculated as outlined above, against the appropriate load. The points 
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comprising the upper curve, taken from completely curarized directly- 
stimulated muscle, were obtained by averaging corresponding values from 
five animals, while points on the lower curve, obtained after succiny]- 
choline administration, represent the average from eight animals. Al- 
though succinylcholine definitely reduced the velocity of shortening at all 
loads tested when compared to the values taken after tubocurarine 
administration, the relationship between force and velocity appears 
unchanged ; i.e. the two curves are nearly parallel. 


Velocity of shortening (cm/sec) 


Shortening (mm) 


7 
j 

25 


0. 5 10 15 20 
Load (g wt.) 


Fig. 3. The relationship of rate and degree of muscle shortening to load before 
and after succinylcholine. A. Velocity of shortening plotted against load during 
tubocurarine (@) and succinylcholine (™). B. Shortening plotted against load 
with same drugs as in A. Vertical lines represent standard error of mean. 
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Load-shortening 


These experiments also gave data relating the degree of jeotonié-twitch 
shortening to the corresponding loads used. The influence of succiny]- 


choline on this relationship is illustrated in the lower curve of Fig. 3B. 


The upper curve is the control obtained with tubocurarine. Although 
succinylcholine reduced the ability of the muscle to shorten, the relation- 
ship between load and shortening appears linear in both groups at the 
loads used. The curve obtained after succinylcholine also appears to be 
parallel to the one obtained with tubocurarine, just as was observed in the 
force—velocity experiments. Because of inertia, some error, greater at 
higher loads, was 8 inherent 1 in the measurements of both shortening and 
velocity. 


DISCUSSION 


The fundamental mechanical responses of skeletal muscle are shortening, 
or if shortening is restricted, the development of tension. These responses 
have been used to characterize the mechanical properties of active 
voluntary muscle by determining the relationships between (1) muscle 
_ force and the amount of shortening, and (2) muscle force and the velocity 
of shortening (Wilkie, 1955-56). Although succinylcholine reduced the 
amount and velocity of shortening at the loads employed in this study, the 
characteristic relationships between these parameters of mechanical 
response remained unchanged. Therefore it seems possible that the drug 
influenced the contractile element not directly, but indirectly from the 
cell surface through the membrane. 

Just how this could occur is not determined by the present study. 
Depolarization followed by inexcitability of an end-plate zone per se, 
which is known to occur with succinylcholine, would not be an adequate 
explanation. Although the end-plate zone occupies only a small amount 
of the total fibre, contraction was reduced by an average of 50%. In- 
excitability under a larger zone of slowly spreading depolarization around 
the end-plate, such as observed by Burns & Paton (1951), would perhaps 
offer an explanation. However, the extent of the depolarization which 
they describe would seem to be smaller than that necessary to explain 
the mechanical changes. Burns and Paton used cat muscle, whereas this 
study was performed on rat muscle; thus a marked species difference may 
be present. 

Certain other quaternary ions are known to influence the contraction 
of muscle by changing the duration of the active state (Edwards, Ritchie & 
Wilkie, 1956). Of those tested, only tetraethylammonium decreased the 
active state and thus lowered, contraction. The effect was small and re- 
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quired a high concentration. Whether succinylcholine used in a lower 
concentration could reduce the time course of the active state and thus 
decrease contraction by 50 to} is at — unknown. 


SUMMARY 


1. Curves representing the force—velocity and load-shortening relation- 
ships were obtained isotonically from directly stimulated rat anterior tibial 
muscle at loads which did not exceed 10-15% of the maximal twitch 
tension. Succinylcholine chloride reduced the rate and degree of muscle 
shortening but did not alter the shape of the curves which characterize 
the mechanical properties of the muscle. 

2. The latent period of mechanical response was found to be significantly 
increased by succinylcholine. | 

3. The isometric tetanic contraction obtained by direct stimulation of 
the muscle with short trains of maximal stimuli was also reduced by 
succinylcholine. The block resembled that seen during either isotonic or 
isometric recording of twitch in both time course and depth. 
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The origin of patterned sequences of motor impulses from the central 


nervous systems of lower animals is a problem which must be faced as we 
appreciate more and more that in a variety of different animals there can 
be found examples of co-ordinated sequences which are a product of the 
structure of the central ganglia, and not dependent on the form of peri- 
pheral excitation. In some cases such patterns are spontaneous, in other 
instances a background of afferent excitation is required to maintain them, 
and in yet other instances the pattern is initiated by afferent excitation 
which does not influence the pattern. Although many responses, in a 
variety of animals, are known to be peripherally controlled, yet the basic 


pattern of the response depends on central nervous factors, though this — 


may be modified by peripheral factors. Moreover, a centrally determined 
mechanism must presumably be the basis of the first phase of any response, 
to avoid the uneconomical procedure of initially making a random pre- 
liminary movement and then correcting this proprioceptively. We may 
suppose, then, that a response can be initiated by a predetermined sequence 
of motor impulses, although in its continuation the response may also be 
modified to any extent by the afferent effects of its own earlier phases. 
Although of great importance, it is not the present concern that the pre- 
determination of the sequence may be genetic or be derived from the 


animal’s earlier experience. The present study is an exploration of the 


responses of one particular preparation which may prove of interest in 
this general problem. It is an advantage to use a primitive animal in which 
the normal number of efferent axons in one nerve is not too great for all 
to be identified separately and simultaneously and in which this total 
_ actuates a widespread and co-ordinated movement. 

The most interesting feature which emerged from an earlier general 
survey of transmission of excitation through the nervous system of the 
clam Mya was that a single preganglionic shock will initiate a patterned 
burst of impulses from the motor axons of any of the three main paired 
gangiia (Horridge, 1958). The present study is a more detailed account of 
the attributes of the pattern of impulses from the cerebral ganglion under 
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the influence of a more carefully controlled preganglionic stimulus, and in 
its turn is intended to be preparatory to the analysis of the origin of the 
patterned discharge within the ganglion. 

For several practical reasons attention has been confined to the cerebral 
ganglion. The immediately adjoining nerves are the most accessible in the 
whole animal since they lie partially exposed on the surface when the shell 
is opened; the largest motor impulses in Mya are recorded from the 
anterior pallial nerve, which runs forward from the cerebral ganglion 
round the inner margin of the anterior adductor muscle on each side; the 
cerebral ganglion is the most readily exposed of the central ganglia and is 
the most convenient to isolate intact and remove to a moist chamber. 
Most of the present account is based on the behaviour of left cerebral 
ganglia which remained in situ but had all their nerves cut. The animals 
were used freshly opened and under these circumstances the ganglia are 
generally inactive, or at least produce no large motor impulses unless 
stimulated. 

METHODS 

The methods employed have been as described before (Horridge, 1958), except that it 
has now been essential to isolate the cerebral ganglion by section of the cerebrovisceral 
connectives, the cerebropedal connectives, and the anterior pallial nerves of both sides of 
the animal. Usually the cerebral ganglia of the two sides were left in communication; the 
cerebrovisceral connective on one side has been stimulated either with or without prelimin- 
ary teasing apart of its constituent axons and the response was always monitored in the 
same nerve preganglionically. This is essential when only a few preganglionic fibres are 
stimulated in a controlled manner. Records of the post-ganglionic activity were taken 
from the same side of the animal as that stimulated, usually with two independent pairs 
of electrodes and channels of amplification, which allows a more certain identification of 
impulses in individual axons by their characteristic velocity as well as pulse form. 

For the identification of impulses of individual axons in a bundle in which several are 
excited at slightly different times, the velocity of conduction is a quantitative character 


. for a preliminary analysis, but the height and shape of the pulse as judged by eye on a 


photographic record provides a more subtle discrimination. To provide a record with the. 
maximum amount of information for this purpose it is preferable to work with a wider 
band-width than would be necessary only to detect the impulses, because the slower com- 
ponents are sometimes more characteristic in shape than in spike height, particularly in 
this preparation, where all are small and spike heights are influenced by noise. The best 
differentiation of all is given by the constant difference in form of the spike of a given axon 
at the two pairs of electrodes. 


RESULTS 
The cerebrovisceral connective 


Because the cerebral ganglion is stimulated via axons of the cerebro- 
visceral connective, a study of this bundle is an essential preliminary. 
In ordinary histological sections no giant axons are found; but there are 
usually two or three round fibres in the range 10-15, in large specimens 


10-12 cm long. However, the usual fixatives give poor results and spaces 
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which appear between the smaller axons as a consequence of shrinkage 
may represent thin-walled axons which are far from round in cross-section. 
In studying the visceral connective of Helix with the electron microscope 
_ Schlote (1957) has found that many of the axons have inwardly folded 
membranes with longitudinal pleats so that processes of the glial cells 
’ reach as ridges far into the axoplasm. Under high power with the light 
microscope the appearance of sections of the cerebrovisceral connective 
of Mya is similar to Schlote’s figures of Helix nerve, with fan-shaped 
bundles of very fine fibres, so it is possible that some relatively large 
pleated axons are present in Mya but have not yet been identified. 
Neurone cell bodies are scattered rather thinly. 


100 msec 


Fig. 1. Summed action potentials from a length of the viscerocerebral connective 
stimulated at the visceral end. The instant of the stimulus is marked by a dot. 
(a) Response with maximal stimulation showing (1) the initial sharp spike of 
one fast fibre, (2) a small component of intermediate velocity and (3) a large but 
inconsistent slow component; recording electrodes 1-8 cm from the site of the 
stimulus. (b) A smaller stimulus and slightly faster record (time calibration below) 
resolves the large fibres of low threshold; recording electrodes 3cm from the 
stimulus. (c) The same preparation as (b) with maximal stimulation and reduced 
amplification. 


Records from the isolated and electrically stimulated nerve reveal three 
or four separable and identifiable impulses larger and faster than the rest. 
These larger axons usually have a lower thresliold than smaller ones of the 


same nerve and are therefore readily stimulated as an isolated group and 


sometimes individually. As in Fig. 1, the summed action potentials of the 
whole nerve show one or two axons which conduct at 110-120 cm/sec, 
a small group of axons in the range 40-80 cm/sec and then a large com- 
ponent slower than 30 cm/sec. When tne two fast fibres are both present 
they may be separated by their difference in threshold. The nerve can be 
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teased into parts without much difficulty, and by a combination of teasing 
and the adjustment of the strength of the stimulus it is possible to obtain 
a preparation in which only one of these larger fibres is excited, as recorded 
with a preganglionic monitor amplifier about 1cm down. the nerve 
towards the ganglion. 

That only a single axon is stimulated is indicated by the presence of an 
all-or-none spike of constant shape and velocity. Although the spikes 
have a rather long duration of 6-9 msec they cannot be resolved into 
smaller components. In the early stages of the work, when their appearance 
in records was less familiar, a number of tests were made unsuccessfully 
with various lengths of stimulus pulse in an effort to separate the ‘all-or- 
none’ spikes into possible components of similar threshold but differing 
strength—duration curve. The larger cerebrovisceral axons came to be 
recognizable by their velocities. A single one, sometimes two, with 


_ a velocity of 110-120 cm/sec, is usually present but is labile dr delicate so 


that frequently it is soon lost. There are three or four axons with clearly 


_ separable spikes in the range 50-80 cm/sec. Slower or smaller spikes are 


not separately resolvable. No records of the normal activities of these 
axons have been made in the intact animal and their function is unknown, 
but, as is shown by the results below, they are presumably in part rapid 
pathways which initiate the closure of the shell. | 

At higher stimulus intensities two other components of the summed 
action potential can. be distinguished, with velocities of 25-35 cm/sec and 
18-20 cm/sec. These undoubtedly are the summed activities of many small 
axons: they are of little interest for the present analysis, and they were 
carefully excluded. They are, however, of interest in other ways, for 
example they are surprisingly inconsistent when repeatedly recorded in 
the same preparation, as is shown in Fig. 1(a). They also disappear at 
stimulus frequencies greater than 3-4/sec and over this narrow range their 
height is strongly dependent on the interval between stimuli. Explanations 
in terms of synapses on small axon pathways, or of block caused by 
potassium leakage from active axons, cannot be examined experimentally. 

It was mentioned in an earlier paper (Horridge, 1958) that the conduction 
of the slowest components is abnormal in that the signal apparently decays | 
With distance traversed along the nerve. In monophasic records the area 
under the response curve falls to half in about a centimetre of nerve, but 
this could arise because the signal progressively disappears below the 
noise level on account of the dispersion of velocities in different axons. 

Occasionally the isolated cerebrovisceral connective gives a repetitive 
response in a large axon. This is possibly on account of the favourable 
position of the electrodes in relation to a cell body, many of which can be 


seen scattered along the connective in histological sections. An example 
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in Fig. 2 shows how the number of repeated responses can depend on the 
strength of a single shock applied more than a centimetre away. The 
recorded response is evidently of a large axon, as indicated by its size and 
regular appearance. There is, however, no means of knowing whether this 
is the axon of a cell body which lies on the connective in the stimulated 
region, or whether the response is a direct consequence of the electrical 
stimulation of an axon, or whether more than one neurone is involved. 


Fig. 2. Action potentials from a length of viscerocerebral connective. The normal — 
response is two rapidly conducted spikes, followed by a response of intermediate 
velocity, then a slow component as in Fig. 1. However, in this preparation, after 

a delay of 100—250 msec other impulses from a single unit appear. In (a), (b) and 
(c) the stimulus strength is progressively increased. The impulses now become 
more numerous, and finally continual though still influenced in frequency by 
the stimulus. 


This is one example of the type of behaviour of the cerebrovisceral con- 
nective which suggests that it is more akin to an attenuated part of the 
central nervous system than to a bundle of independent axons. When the 


cerebral ganglion is being studied, this particular type of response, which 


could be of importance in pattern formation, can be eliminated as a 


possibility by monitoring the preganglionic response. 


The sequence of impulses from the cerebral ganglion 
A single preganglionic shock to the cerebrovisceral connective causes 
the cerebral ganglion to initiate a burst of impulses in the anterior palli«! 
nerve. As described in the earlier paper (Horridge, 1958), these are moto: 
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impulses to the anterior mantle muscles which must first be withdrawn 
and to the anterior abductor muscle which then closes the shell; the in- 
tensity and duration of the burst is strongly dependent, within a certain 
range, on the strength of the single stimulus. Much of the post-ganglionic 
burst is caused by the arrival of the slower components of the summed 
action potential of the connective. Stimulus frequency also has a large 
effect‘on the response. However, in the earlier study, the presence in the 
connective of the few axons larger than the others was not suspected 


because the preganglionic response was not regularly monitored, and, 


moreover, it was not realized that a single preganglionic impulse in one 
axon of the connective is ene to initiate a small but definite patterned 
burst of motor impulses. | 


Fig. 3. Two-channel records from left anterior pallial nerves showing conduction in 
single units. (a) A burst of impulses following a single preganglionic shock, 
showing the impulses which go from the first electrodes (lower line) to the second 
electrodes (upper line). (6) Consistent spike appearance and velocity of a single 
unit. (c) A preparation of a branch with one large single unit and an occasional 
spike (marked with a dot) which had not emerged from the ganglion and was 
presumably, therefore, generated by a neurone in the nerve trunk. Time marker, 
for each set of records, 100 msec. 


Impulses of individual axons are easily recognizable. The records from 
two points about 1 cm apart yield two sets of spikes which have a constant 
height, form and velocity by which they may be characterized as in Fig. 3 
It is possible that two efferent axons in the same preparation might be 
confused by this method, but there is no reason to suppose that this 
happens to a significant extent. Figure 3(a) shows a typical burst and 
Fig. 3(b) shows the consistency of a single unit from impulse to impulse. 
The smallest signals must unfortunately be ignored and it is only the 
sequence of the largest ones which can be read. 

During the analysis of the records a curious phenomenon was discovered. 
In certain preparations the passage of a burst of motor impulses in the 
pallial nerve would bring about the initiation of additional impulses 
which were generated along the course of the nerve. These are easily 


* 
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electrodes, and though large and clear at the more peripheral recording 
site, nothing is seen of them at the mor proximal site, as in Fig. 3(c). 
Their significance is not known, but it may be suggested that peripheral 
nerve cells along the nerves or among the muscle fibres may commonly 
operate in the same way. This could explain the appearance of muscle 
responses which are particularly long in relation to the Gurstion of an 
electrical stimulus applied to the motor nerve. 


Fig. 4. Responses in the anterior pallial nerve (upper trace) to excitation of a 
monitored single fibre of large size in the visceral connective (lower trace). The 
preganglionic stimulus was just below threshold in (a), and in (b) only one large 
fibre is excited, whereas in (c) an additional small preganglionic response marked 
with an arrow has appeared due to small fibres in the split nerve. The post- 
ganglionic burst appears suddenly with the all-or-nothing preganglionic spike. 
Time marker, 100 msec. 


A single impulse in only one of the larger axons of the cerebrovisceral 
connective is capable of initiating a sequence of motor impulses in the 
anterior pallial nerve. A typical response, as shown in Fig. 4, then consists 
of less than 10 motor impulses. In favourable preparations 20 impulses can 
be counted from up to 12 separate axons, as identified by the velocity of 
the impulses and their form at two different recording points, as in Fig. 5. 
The sequence has recognizable features which appear each time it 1: 
repeated. The initial impulses tend to be smaller than those immediate! 
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following them and are not usually repeated. The largest impulses usually 
appear in the middle third of the burst and the end of the burst is mainly 
composed of repeated impulses from several axons which have a continued 
but decreasing activity for more than half the duration of the burst. 
Usually there is one axon which starts to fire only towards the end, 
sometimes when all the others have stopped. 


\\ Th 16 [T: 0:5 sec 4 


Fig. 5. Three successive sequences in the anterior pallial nerve each produced by 
@ single impulse in a single preganglionic fibre according to the usual criteria. 
This is the preparation which gave the data summarized in Table 1. : 


The sequence of the impulses is, however, by no means fixed. Even the 
order of the first appearance of the various motor axons is not fixed, 
except that a certain one always takes the first place and another identi- 
fiable one always terminates the sequence. Therefore results can only be 
taken as an aggregate from a number of runs, under as constant conditions 
as possible and using the same ganglion, as in Table 1. The stimulus is 
always constant since it is a single impulse from a single axon. The same 
irregularities persist when two preganglionic axons are simultaneously 
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TasBie 1. Mean number of impulses from each of the individual axons A-—P in various 
intervals after the initial impulse, taken from twelve sequences, three of which are shown 
in Fig. 5. The totals show the average number of times which each axon fires. 


Time intervals after the first impulse (sec) 


Axon 0-0-1 O38- O68- O8 O9- Total 
0-2 0-3 0-4 05 0-6 07 O8 0-9 1-0 

A 1-0 — — — — 1-0 
C — 3-0 1-6 135 11 125 033 066 — — 9-29 
F — 1-0 0-7 0:4 0-6 0-2 — 0-2 — — 3-1 
G — 0°5 1-0 0°5 025 — — 2-25 
H — 0-5 0-2 0-6 0-66 0-5 025 — — — 1-71 
J 0-25 — — — 0-25 
K — — 025 125 1:25 O25 — — — — 3-0 
L — — 0-2 0°5 1-0 1-0 1-0 075 O33 — 4-78 
P — — — — — — — 0-2 1-0 0-5 1-7 


excited or when larger stimuli and the whole of the cerebrovisceral 
connective are used. More intense bursts of longer duration, as produced 
by larger or repeated stimuli, have a similar pattern with the same 
irregularities but are impossible to analyse on account of the overlap of 
the post-ganglionic action potentials. : | 

The effect of simultaneously exciting two preganglionic axons is illus- 
trated in Fig. 6. Here the preganglionic response is all-or-half-or-none 


\ 4 10 ffx 


Fig. 6. Responses in the anterior pallial nerve (upper trace) to excitation of a 
split part of the visceral connective in which there were two large fibres (lower 
trace). As indicated by the numbers 1, 2, either one or both of these fibres were 
excited. (a), (b) and (c) show the consistency of the results in which two fibres 
aroused a longer post-ganglionic burst than one fibre, and in (d) may also be seen 
two types of impulse (marked with arrows) which were reflected from the ganglion 
back along the visceral connective. Time marker, 100 msec. 
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and the strength of the stimulus is arranged so that either one or both 
axons initiate successive bursts at intervals of about half a second. This 
preparation. was not satisfactory for separate identification of the post- 
ganglionic axons but it shows well the greater post-ganglionic response 
when the effects of the two axons are summed. It also shows that impulses 
are added both early and late in the sequence. 

This preparation illustrates a phenomenon which was frequently 
noticed when the preganglionic excitation was monitored. Impulses from 
even a single large axon in the cerebrovisceral connective cause an impulse 


\\ 27mm 5mm x 100 msec 
Fig. 7. Impulses recorded at two points on the left anterior pallial nerve in 
response to single shocks of constant strength at instants as indicated, applied to 


the left cerebrovisceral connective. There is a progressive augmentation of the 
sequence and shortening of latency at this stimulus frequency. 


(probably in a different axon) to be reflected back from the cerebral 
ganglion into the connective. This suggests that one of the large axons 
of this connective normally transmits impulses from the cerebral to the 
visceral ganglion. 
The progressive growth of the post- -ganglionic response when the siniilae 
is repeated is a growth of the number of axons represented and of the 
number of times which each fires. Some of the motor axons can be excited 
by the first preganglionic impulse; others require many repetitions before 
they appear. The motor axons also differ in the ease with which they can 
be induced to fire several times during one burst and some rarely do this in 
normal sequences. This is illustrated in Fig. 7. At the first stimulus one large 
and three small motor axons are excited; with repetition of the stimulus 
the large and two of the small axons readily produce repeated impulses 
but the small impulse which comes first in the sequence is not repeated. 
Another phenomenon of interest in the formation of a model of ganglionic 
events is the shortening of the delay within the ganglion when the stimulus 
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is repeated. In Fig. 7 the delay to the first appearance of a given impulse 
shortens by 20-45 msec on repetition of a few stimuli at 5/sec. Undisturbed 
preparations when stimulated for the first time may give delays up to 
70 msec, but many ganglia, when stimulated at 1/sec for a few times, 
have normal latencies as short as 25 msec. All the components of the 
burst appear sooner and, for each, the shortening of the latency is not 
equal, so thatthe order may be slightly changed. The sequence, however, 
still maintains its characteristic pattern and is of about the same total 


1 sec 

Fig. 8. Impulses recorded at two points on the left anterior pallial nerve in 
response to maximal single shocks on the left cerebrovisceral connective, with other 
nerves severed. The upper trace is further down the nerve. These records show the 
reasonable consistency in length and intensity between successive post-ganglionic 
bursts of impulses, but close observation shows many differences of exact timing of 
individual units. Some of the impulses have a characteristic position in the 
burst. 


number although it can become longer as a consequence of the repetition 
of the stimulus, This contrasts with the shortening of both latency and 
duration brought about by a rise in temperature. 

Preganglionic stimulation of the whole cerebrovisceral connective with 
single shocks that are sufficiently strong to excite many fibres initiates 


‘sequences of motor impulses that are much longer and more complicated 


than those produced by one or a few preganglionic axons. The burst still 
_has a characteristic form which is repeated with regularity when the stimuli 
are several seconds apart. As is shown in Fig. 8, the sequence is by no means 
exactly repeated. Although most of the axons have their own characteristic 
position in the burst, and there is a fairly uniform total number of impulses, 
a particular neurone does not necessarily follow another particular one. 
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Therefore there is not a simple single chain of successive firing of one by 
another. 

The consistency between bursts of this type, with many simultaneously 
excited preganglionic axons, is greatest at the beginning and at the end 
of a sequence. An identifiable axon always leads and is followed by 
another particular one and the terminating impulses are typically from 


| 


1 sec 


Fig. 9. Impulses recorded at two different points on the left anterior pallial 
nerve in response to two maximal shocks 100 msec apart applied to the left — 
cerebrovisceral connective, with the other nerves severed. The upper trace is further 
down the nerve. The post-ganglionic bursts are relatively longer than in Fig. 8 
and only the decay of the bursts is shown here. The exact timing of the impulses is 
now more irregular than in Fig. 8. 


two or three other definite axons, as in Fig. 9. In this particular record 
the long duration of the burst and the relatively low frequency towards 
the end of the sequence is clear. Figures 8 and 9 also show that only the 
smallest bursts can be analysed for individual axons. 
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| The effect of drugs 
Little is known of the nature of the transmitter substances in the central 
nervous system of any mollusc, and lamellibranchs have hardly: been 


studied in this respect. In the pedal ganglion of Mytilus, Richards (1929) 


found that strychnine shortens the latency from 8-10 msec to about 
3 msec and he records the effects of atropine, caffeine and camphor. At 
present it is not possible to use this information for interpretation of nor- 
mal processes. On the other hand, substances resembling acetylcholine 


and serotonin occur in lamellibranch nervous tissue and these two drugs — 


are known to have a powerful effect on the isolated lamellibranch heart. 
They also have a powerful effect on central transmission. 


Fig. 10. The effect of 5-hydroxytryptamine (10-*) upon the initiation of motor 
impulses from the cerebral ganglion. Single shocks of constant strength were 
applied, at the instants shown, to the left cerebrovisceral connective, and the 
post-ganglionic discharge was recorded from the left anterior pallial nerve, with 
all other nerves severed, (a) before and (b-d) after treatment. The drug causes 
@ spontaneous discharge which is momentarily silenced after an induced burst, but 
the latter is only slightly prolonged. 


Acetylcholine, when applied to the cerebral ganglion at a concentration 
of 10-° (w/w) blocks synaptic transmission within a few seconds. At a 


tenth of this strength it blocks in less than a minute. It is very difficult | 


to wash out with sea water, so that the inhibitory effect persists, suggesting 
that cholinesterase is not active in the ganglion. Axonal conduction in 
whole nerve is not influenced at these concentrations. 
5-Hydroxytryptamine at a concentration of 10-° (w/w) makes the 
ganglion spontaneously initiate motor impulses at low frequency in severa! 
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different axons. A preganglionic stimulus now initiates a burst of motor 
impulses which appears to be similar to the normal burst, lasting about 
} sec. This is followed by an interval of up to a second during which the drug- 
induced spontaneity is depressed. The spontaneous activity tends to be 
eyclical as on the right-hand side of Fig. 10(b), where short bursts come 
at intervals of about half a second. The only observable effect of the drug 
has been to make the motor neurones more likely to fire spontaneously, so 
that it becomes possible to observe the depression following a spontaneous 
or artificially induced burst. These records suggest that the burst tends to 
switch itself off, and that activity is normally kept at a low level because 
the ganglion is depressed by its own activity. The 5-hydroxytryptamine 
is not easily washed out unless the ganglion is soaked for many minutes in 
repeated changes of clean sea-water. 


The effect of temperature 


_ A rise in temperature over the range 5-15° C causes an increase in the 
number of spikes in the post-ganglionic burst and the duration is shortened 
so that more efferent spikes appear in a shorter time. The crowding of 
spikes obscures the results, but the order of the sequence does not appear 
to be radically changed by change in temperature. Since this effect of 
temperature does not help to eliminate any theory as to the origin of the 
efferent sequence, it will not be considered further, but this could not have 


been predicted a priori. 


The central origin of the efferent sequence 


The burst of impulses from the cerebral ganglion has the effect of re- 
tracting the anterior edge of the mantle and also of closing the shell by 
a sudden contraction of the anterior adductor muscle. This is readily 
observed when the terminal connexions of the anterior pallial nerve are 
left intact, although all other nerves of the cerebral ganglion are cut 
before the cerebrovisceral connective is stimulated. The sequence recorded 
under these conditions is unchanged when the anterior pallial nerve is now 
also cut, showing that the sequence does not depend in any way on the 
movement which it causes. The different impulses of which the sequence 
is composed normally run to different muscles, which therefore contract 
in a definite sequence and to particular relative extents. These movements 
seem to be adapted to the requirements of an orderly closing of the shell, 
but so far as is known these requirements are not stringent. Evidently 
proprioceptive feedback is unnecessary for a satisfactory operation of the 
mechanism of closure. 
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DISCUSSION 


It is important to establish that a centrally determined sequence of 
impulses is a general phenomenon in the animal kingdom as a mechanism 
for control of movements, and that the sequence may be modified to any 
extent by the proprioceptors stimulated by the movement itself. In view 
of the abundance of sense organs the onus of proof lies with those who 
would demonstrate the extent of central control. This is illustrated by 
different movements of insects. The ambulatory movements of insects are 
controlled in detail by proprioceptors during the course of each movement 
(Hughes, 1957). On the other hand, the stridulation movements of sound- 
production in the cricket are initiated by a descending pre-motor inter- 
neurone, and the presence of the hearing organ is not necessary for the 
correct noise to be formed (F. Huber, private communication). Alternate 
impulses in the motor nerves of the two sides to the sound-producing 
tymbal muscle of the cicada Graptopsaliria are initiated in short bursts 
from the isolated ganglion as in the normal song (Hagiwara & Watanabe, 
1956). Patterned bursts of impulses corresponding to copulatory move- 
ments emerge along the phallic nerve of the mantis when the deafferented 
last abdominal ganglion is finally isolated from the rest of the nervous 
system (Milburn, Weiant & Roeder, 1960). Bursts of motor impulses 
corresponding to ventilatory movements are initiated from the isolated 
nervous system of the locust (Miller, 1960). The spiracular rhythm 
similarly has a central origin (Hoyle, 1959). In the same animal, when 
artificial excitation at about 50/sec is supplied to the isolated meso- 
thoracic ganglion, patterned bursts of motor impulses emerge on the 
motor axons.to the wing muscles in such a way that the antagonistic 

muscles would work alternately if their nerves were not cut (D. M. Wilson, 
private communication). There is every reason to suppose that, for simple 
fixed action patterns of movement which do not require a dependence on 
environmental configuration, a centrally controlled sequence will turn out 
to be of widespread occurrence, not only for the initiation of a movement 
but also for its continuation. 

To formulate a model for the initiation of a central sequence one turns 
almost automatically, in the present conceptual climate, to a pattern of 
internuncial neurones which are connected to each other in such a way 
that the final sequence is the outflow of a cascade in which each inter- 
nuncial excites the next, with the possibility of closed loops in the circuit. 
A model of this type was proposed by Maynard (1955) to account for the 


patterned burst of impulses which emerges from the crustacean hear’ : 


ganglion at each beat. However there seems to be no evidence to sub- 
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stantiate such a model as a basis for a central sequence in any invertebrate 
central nervous system, for the following reasons. 

The relations between the neurones are in neuropile which i is a tangled 
mass of fine fibres where no circuit diagram can be traced by examination 
of specifically stained neurones. From individual to individual, or from 
ganglion to ganglion where these are reduplicated as in medusae or worms, 
there is no constancy of the details of the axon arborizations of identifiable 
neurones in the neuropile. These features of neuropile seem to apply 
throughout the invertebrates. However, the tangled confusion and great 
surface area in the neuropile is readily explained as allowing each neurone 
to come into contact with as many others as possible. In this concept of 
neuropile the pattern of actual connexions is replaced by a set of relation- 
ships which define the sensitivity of each neurone to the specific secretions 
of transmitter substances of the others. So long as the chemoreceptivity of 
the neurones.and their secretions are genetically fixed, the actual anatomical 
connexions of the neuropile need not then be specified in detail. A partially 
ordered histological pattern would not be inconsistent with this concept 
and there are no @ priori reasons for supposing that the complexity of even 
the simplest ganglion lies more in its layout than in the varied sensitivities 
of the individual neurones. 

In the particular example of the cerebral ganglion of Mya the excited 
preganglionic axon could release a transmitter substance into the neuro- 
pile. Motoneurones, and possibly internuncials, are imagined to respond 
in individually different ways to this common excitor substance and then, 
as a consequence of their own activity, to act similarly on each other. It 
is true that, from the external activity, there is no evidence against a 
cascade of interneurones as the mechanism behind the sequence, but there 
is no evidence against a random tangle of neuropile connexions. The 
sequence of impulses in the pattern and the order of entry of individual 
motoneurones is not constant, but on either theory this could be the con- 
sequence of changes in sensitivity in one neurone not paralleled by those 
‘in another. The effects of temperature, of drugs, and the changes in latency 
and pattern on repetition of the stimulus are equally consistent with 
_ either theory. In further analysis of the mechanism of the formation of a 
patterned sequence of impulses it is hoped to find an sine which 
_ will discriminate between these two theories. 


SUMMARY 

1: When excited by impulses in the viscerocerebral connective the 
cerebral ganglion of the clam Mya initiates a sequence of motor impulses 
which — bring about a retraction of the mantle and closure of the 
shel. 
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2. A single impulse in a single preganglionic axon is adequate to initiate 
a small sequence of motor impulses. More intense and longer post- 
ganglionic sequences are caused by stimulation of several preganglionic 
axons, or by repetition of the stimulus. 

3. In favourable preparations impulses in up to ten separate motor 
axons can be individually identified in the sequence and the pattern of 
their appearance can be described. The temporal pattern of the impulses 
is similar but not identical on repetition. 

4. Acetylcholine reversibly depresses ganglionic transmission; 5-hy- 
droxytryptamine has the opposite effect and causes a spontaneous dis- 
charge of motor impulses. 

5. Raising the temperature shortens the duration of the beste: 

6. These results are discussed with reference to possible mechanisms 
of the formation of a sequence of nerve impulses in the efferent axons of 
the ganglion. A hierarchy of neurones which successively trigger each other 
is rejected. It is suggested that the arriving impulse releases an excitor 
substance and that motoneurones and possibly internuncials respond in 


act similarly on each other. 
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EFFECTS OF FRUCTOSE INFUSION ON GLUCOSE UPTAKE 
AND CIRCULATING INSULIN-LIKE ACTIVITY IN 
| NORMAL MEN 
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From the Clinique Médicale, Hépital Saint-Pierre, 
Université Libre de Bruxelles, Brussels, Belgium 


(Received 26 August 1960) 


It has been repeatedly demonstrated that fructose infusions have no 
striking effects on the blood glucose level in normal men. A transient and 
moderate hypoglycaemia is usually observed during and immediately 
after a short-term (10 min) infusion (Felber, Renold & Zahnd, 1959). 
When the same dose of fructose is administered over a longer time (30- 
60 min) the glucose level may increase a little, but this increase is followed 
by a moderate decrease after the cessation of the infusion (Weichselbaum, 
Margraf & Elman, 1953; Papper, Saxon, Prout & Alpert, 1956; Tagnon & 
- Corvilain, 1958; Craig, Miller, Mackenzie & Woodward, 1958). The absence 
of a definite hyperglycaemia is unexpected since increased gluconeogenesis 
is likely to result from fructose infusion. It is indeed well known that the 
major portion of intravenously administered fructose is taken up by the | 
liver (Mendeloff & Weichselbaum, 1953; Levine & Huddlestun, 1947) 
where it is partly converted into glucose (Bollman & Mann, 1931; Mendeloff 
& Weichselbaum, 1953), and this is in agreement with in vitro studies 
showing that glucose formation by rat liver slices is greater in the presence 
of fructose than in the presence of glucose (Renold, Hastings & Nesbett, 
1954). 

The purpose of the first part of this study was to test whether the failure 
of the blood glucose level to rise, during slow fructose infusion, was due to 
a homoeostatic secondary increase in glucose uptake by the tissues. Such 
a mechanism has been observed during slow glucose infusion (Conard, 
1955). In the second part the circulating insulin-like activity has been 
assayed repeatedly both during, and after, fructose infusion. 


METHODS 


Thirteen healthy subjects whose ages ranged from 24 to 55 years fasted during the night. 
Approximately 14 hr after their last meal, 100 g of fructose was administered intravenously 
in one hour, as 1000 ml. of a solution containing 10 g/100 ml. (Mead, Johnson and Co.). 

Two series of experiments were carried out. In the first, the rate of glucose uptake by the 
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tissues (K) was determined in nine subjects immediately before and after the fructose 
infusion, by following the change in blood glucose after the rapid intravenous injection of a 
small load of glucose (Conard, 1955). After such a small loading dose, the blood glucose 
level changes with time according to the equation 


G, = Ge (1) 
where Go and G, are blood glucose levels (mg/100 ml.) at times zero and ¢ minutes. K was 
det graphically from the slope of plots of log,, G, against t, making use of the equation 

K = 2:3 x 10* (logy — login @,,)/(t2—4), (2) 


which may easily be derived from eqn. 1. : 
An initial venous blood sample was taken, through an indwelling needle, and immediately 
a dose of heparin (2000 u. in 2 ml.) and the glucose load (0:33 g/kg body wt. as a 50% 


K,=40 


G, K, = 2-4 


Blood sugar (mg/100 ml.) 


1 
0 20 40 60 80 100 120 140 160 
Time (min) 


Fig. 1. Effect of a fructose infusion (100g in 1 hr) on the rate of glucose uptake, 
K, ina normal human subject. + Glucose 0-33 g/kg, intravenously. G,, fasting blood 
glucose level. K,, K,, rates of glucose uptake (see text, eqn. 2). @—@ Blood 
glucose. O--O Blood fructose. Fructose infusion. Semi-log. Scale. 


solution) were given, followed by 10 ml. sodium chloride solution to clean the needle. Nine 
to eleven samples of blood were taken, usually at 5 min intervals in the period 10-60 min 
after the injection, the times of sampling being recorded to the nearest minute. The results 
obtained in one subject are shown in Fig. 1: they are typical of the others. 

Blood hexose levels were determined by the method of Shaffer & Hartman (1920) and the 
blood fructose levels by the method of Roe, Epstein & Goldstein (1949). The glucose con- 
centration was assumed to be given by the difference between these. 

In the second series of experiments, assays of serum insulin-like activity were made in 


four subjects and the effects of fructose infusion studied. The assays were done by the - 


method of Martin, Renold & Dagenais (1958), which depends on the ability of insulin to 
increase the oxidation in vitro of 1-“C-glucose by rat epididymal fat pads. Blood samples 
were collected before the fructose infusion, at 30 min intervals during the procedure and 
30 min after the infusion. They were centrifuged and the sera stored during the night at 
- 15°C, Assays on all the samples from one experiment were always run in parallel. 

The true glucose concentration in the sera was made up to 3 mg/ml. with glucose containing 
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1-4C-glucose (0-2 we per flask). Subdivided rat epididymal fat pads were incubated with 
2 ml. serum or with recrystallized Eli Lilly insulin standards of 1000 or 62 yu./ml. in Krebs— 
Ringer bicarbonate buffer solution with 2 mg added gelatin/ml. The incubations were carried 
out in a Dubnoff incubator at 37° C for 2hr. The CO, produced was finally precipitated as 
BaCO,. Results are expressed as counts per minute per total CO, (as BaCO,) per 100 mg 
adipose tissue. 

Blood glucose and fructose levels were determined in the second series of experiments at 
15 min intervals before, during and after the fructose infusion. Total sugar was determined 
by the method of Nelson (1944) and fructose was estimated as reducing substances remaining 
- after the removal of glucose by glucose oxidase (Froesch & Renold 1956). 


RESULTS 


Tables 1 and 2 show that during the course of a 1 hr infusion of 100 g 
fructose, fructose levels in excess of 90 mg/100 ml. blood were regularly 
reached. In the first experiment (Table 1) blood glucose levels (G@) were 
somewhat lower at the end of the infusion of fructose than at the beginning. 

In the second series of infusions (Table 2) slight and variable changes in 
blood glucose levels were observed at the end of the infusion, while small 
decreases in blood glucose were noted in all instances after the infusion. 
The effects of the first nine infusions of fructose on the rate of glucose 
uptake (K) are recorded in Table 1. It is readily seen that the average 
value of K was almost doubled, the degree of increase being marked in 
four subjects, moderate in four and nil in one. The serum insulin-like 
activities in four subjects during and after a fructose infusion are recorded 
in Table 2. There was seldom a definite change in serum insulin-like — 
activity. In one subject (J.CO.) a transient increase in insulin-like activity 
was noted at the end of the fructose infusion when the blood glucose level 
was rising slightly. A more constant finding appears to be a small drop 
in the serum insulin-like activity 30 min after discontinuation of the 
fructose infusion. 

Incidentally, some discomfort was experienced by a few of the subjects 
during the first half of the fructose infusion. This discomfort was usually - 
located in the epigastric area and occasionally spread to the lumbar and 
cervical areas. 


DISCUSSION 


Intravenous administration is the only way to assess in vivo the effects 
of fructose on glucose metabolism. Oral administration is not a relevant 
procedure since the gastro-intestinal tract contains an enzyme system 
which is capable of converting a portion of the absorbed fructose into 
_ glucose (Kiyasu & Chaikoff, 1957). 

The occurrence of slight and inconstant changes in blood glucose levels 
during the intravenous infusion of fructose has been confirmed. There was 


a striking increase in the rate of glucose uptake, K (eqn. 2), which did not, 
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however, reach the extent observed when glucose is administered under the 
same conditions, i.e. in a slowly administered infusion (Conard, 1955). 

The fact that K was increased after all but one fructose infusion was 
undoubtedly related to the fructose infusion itself, and not to the first 
quick glucose tolerance test. It has indeed been shown that the successive 
values of K do not change when glucose administration is repeated in the 
form of rapidly injected intravenous doses (Conard, 1955). 

The lack of a more definite change in the blood glucose level, G, in spite 
of an obvious rise of K, seems to indicate that this increase in glucose 
uptake was counterbalancing an increase in hepatic glucose output, the 
phenomenon which is indeed supposed to occur during a fructose infusion. 
If this interpretation is valid, then the definite hyperglycaemia observed 
during or after fructose administration to subjects in which glucose 
tolerance is impaired (i.e. diabetes mellitus (Felber et al. 1959; Levine & 
Huddlestun, 1947; Daughaday & Weichselbaum, 1953), dietary carbo- 
hydrate deprivation (Craig et al. 1958), or cortisone treatment (Papper et al. 
1956; Felber e¢ al. 1959) is perhaps due not only to increased gluconeo- 
genesis but also to a deficient ability to increase glucose uptake. The 
reason for the increased glucose permeability in the present series of 
normal subjects after fructose infusion is not clear. A first explanation 
could be increased insulin secretion, since it has been shown that the value 
of K rises when insulin is administered (Conard, 1955). However, the 
evidence presented here is against such a hypothesis. There was no clear- 
cut change in the circulating insulin-like activity during fructose infusion, 
and there was even a slight decrease in activity after the infusion. More- 
over, Pozza, Galansino, Hoffeld & Foa (1958) observed no hypoglycaemic 
effect in normal dogs when fructose was injected directly into the pan- 
creatic artery. Other mechanisms are therefore probably involved. A 
direct effect of fructose on glucose uptake by peripheral tissue is con- 
ceivable; fructose has been shown to increase greatly the fall in blood 
glucose produced by insulin in an eviscerated spinal cat receiving a con- 
tinuous infusion of glucose (Corkill & Nelson, 1940). It is also interesting 
to speculate on the possibility that the increase in glucose uptake noted 
here, and previously observed also after exercise (Christophe & Mayer, 
1958) could be related in both instances to the accumulation of lactic acid 
in the blood (Mendeloff & Weichselbaum, 1953; Kaye, Williams & Barbero, 
1958), 


3 SUMMARY 

1. The rate of glucose uptake from the blood was measured in normal 
subjects before and after a one-hour intravenous infusion of 100 g fructose. 
A significant increase of the rate was observed in eight out of nine subjects. 
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2. This effect was apparently not related to insulin hypersecretion, 
since no increase in serum insulin-like activity was noted in four other 
subjects after a similar fructose infusion. 


The authors wish to thank Dr A. Renold for the use of the facilities of the Baker Clinic 
Research Laboratory (Department of Medicine, Harvard University Medical School, 
Boston, Mass., U.S.A.) for the measurement of insulin-like activities. 
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MAINTENANCE OF ISOLATED DIAPHRAGM WITH 
NORMAL SODIUM CONTENT 
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(Received 29 August 1960) 


Isolated tissues are employed for a variety of biological studies, and it is 
usually found that considerable changes in their ion content have occurred 
following immersion in physiological saline. The present investigation was 
commenced in an endeavour to maintain mammalian muscle at body 
temperature with the same sodium content as that found in the normal 
animal. 

After attempts with other preparations rat diaphragm was selected, as 
this muscle is not too thick for oxygenation and it can be rapidly dissected 
and immersed in the medium. It was known from previous work that the 
potassium could be maintained at normal values (Creese, 1954), though in 
these experiments there was a large rise in sodium content. In the present 
study it was found possible to maintain the sodium of the muscle at its 
normal low value provided the dissection was rapid, the tissue was well 
oxygenated and the medium was fortified with serum or certain proteins. 
Some initial results have been reported earlier (Creese, D’Silva & Northover, 
1958). 

METHODS 

Rats. Male albino rats of 110-130 g were used and were maintained on a rat cake diet. | 
The range of weights for any one set of results did not exceed 8 g. 

Saline. The composition except where otherwise stated was (mm): Na+ 145, K+ 5-0, 
Ca*+ 1-3, Mg*t 1-2, Cl- 125, HCO; 25, SO}- 1-2, HPO} plus H,POz 1-2. The glucose 
content was 200 mg/100 ml.; the temperature was 38° C. Double-glass-distilled water was 
used for the solutions. 

Glassware was cleaned with the use of a detergent, and boiled in distilled water before 
use. No chromic acid was used. . 

Dissection and immersion. It was necessary that the muscle should be dissected, attached 
to a holder and suspended in a small volume of medium in a time short enough to prevent 
deterioration. The rats were stunned and decapitated. The left hemidiaphragm was rapidly 
exposed, two cotton threads were inserted around the rib with a needle, and parallel cuts 
were made about 1 em apart in the diaphragm in such a way that a minimum number of 
fibres was damaged. The holders were made of glass rod with a plastic cross-piece (Perspex), 
and a platinum hook was attached to the lower end of the glass rod (Fig. 1). A hole was made 


* Present address: St Mary’s Hospital Medical School, London, W. 2. 
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in the tendon, the platinum hook was inserted, the tissue was freed with scissors and the 
muscle was immersed in the fluid (8 ml.) contained in a test-tube (internal diameter 16 mm) 
clamped in a water-bath. The rib of the diaphragm was uppermost and the threads fastened 
to the rib passed up and over the cross-piece and were attached to clips, each of 3-6 g, so 
that the muscle was moderately stretched with a resting tension of 7-2 g. The time between 
decapitation and immersion of the muscle was approximately 90 sec (limits 80-105 sec). 
The water-bath was made of transparent plastic material (Perspex) and this enabled the 
muscles to be inspected during immersion so that the aeration and frothing could be noted. 
Distilled water (approx. 0-2 ml./hr) was added to the tubes to restore loss through evaporation. 


Fig. 1. Method of immersing muscles. One of the two threads which were passed 


around the rib has been omitted, and also the polythene tubing which carried the 
gas mixture. 


Aeration. All media were gassed before use and during experiments with a mixture of 
95% (v/v) oxygen and 5% carbon dioxide. Thin polythene tubing was used for aeration 
and fresh tubing was used for each experiment. A plug of ribbed glass was inserted into 
the tip of the tubing. Generous aeration was employed, so that the muscle was enveloped 
on both sides by a stream of small bubbles. 

Silicone (Anti-foam A, Hopkins and Williams, Ltd.) was used to reduce frothing in protein 
solutions and in saline used for eontrol muscles. The silicone was applied to the inner surface 


_ of the test-tube so that it formed a ring above the level of the fluid. The silicone was applied 


at a time when the glass was dry. 

Analysis. The muscles were withdrawn from the medium and the rib, tendon and peri- 
toneal fat were rapidly removed. The muscle was wiped on both surfaces on a glazed tile, 
and placed in a dry weighed tube for determination of wet weight, this being of the order of 
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50mg. Muscles which had been satisfactorily maintained in saline or serum gave vigorous 
twitches when the rib and tendons were cut away. Water, sodium and potassium were 
estimated as described previously (Creese, 1954). 

For fresh muscle the animals were stunned, decapitated and exsanguinated before the 
diaphragm was removed. 3 

Serum. Human freeze-dried serum was received in bottles containing the solids of approxi- 
mately 500 ml. serum. Each bottle usually contained serum pooled from ten donors who 
had had no dietary restrictions. The sodium content of the reconstituted serum was some- 


times low (113 mm) and the potassium content high (12 mm). This might have been due to | 


prolonged contact of serum with blood clot. 

Dialysis. Serum was dialysed in cellophane bags against saline. The thickness of the 
bag was 0-033 mm (British Cellophane Ltd). The contents of the bag and the external saline 
were gassed with a mixture of 95 % oxygen and 5 % carbon dioxide. Dialysis was performed 
in a cold room at 4° C and was continued for at least 19 hr, with changes of saline. Gain of 
water was largely prevented by raising the internal fluid level. The serum was usually dialysed 
in a concentration somewhat higher than the final value, the volume being adjusted later by 
addition of saline. 

Removal of ammonium sulphate (and of cysteine) was achieved by dialysing against 
running tap water, and it was necessary to change the bag several times. Dialysis was 
continued until the concentration of sulphate in the external fluid appeared to have fallen 
to that of tap water as shown by the addition of barium chloride. The process was then 
continued for another 3 hr with.tap water and then saline was used to complete the dialysis 
during the night. « | 

Fractionation with ammonium sulphate. Lipids were first removed by treating serum with 
& mixture of ethanol—ether (3:1) by the method of Boyd (1936). The residue, consisting 
mainly of proteins, was dried and stored and subsequently reconstituted. A gross globulin _ 
fraction (0-45°% ammonium sulphate) and a gross albumin fraction (50-100%) were 
obtained. Batches of 60 ml. human serum were diluted as in the method of Cullen & Van 
Slyke (1920), and the amount of ammonium sulphate was obtained from the table of 
Colowick & Kaplan (1955). The globulin was prepared at 4°C in a cold room and the 
precipitate was separated in a refrigerated centrifuge; the albumin was recovered from the 
filtrate by saturation with ammonium sulphate. 

The protein fractions were later dissolved, dialysed against tap water and freeze-dried. 
After being redissolved the proteins were dialysed against saline and the volume adjusted 


to 60 ml. before being used for test purposes. 


Freeze-drying. Conventional procedures were used, in which the fluid was frozen with a 
mixture of acetone and solid carbon dioxide and the water removed by sublimation at a 
pressure of less than 1 mm Hg. | 

Radioactive sodium. Solutions of *“Na were prepared as described previously (Creese, 
1954). The radioactivity was estimated by means of a well-seintillation counter, with 
corrections for background and decay. 

Inulin space and total sodium content. For the results of Table 2 the extracellular space 
and the total sodium were measured on the same specimen. After muscles had been im- 
mersed in saline containing *Na the total sodium in the muscle was found by the radio- 
activity of the tissue, since the specific activity of muscle and saline were equal (see below). 
The extracellular space was measured with inulin. 

A concentrated solution of inulin in saline was prepared and also saline containing **Na. 
The final media for soaking were obtained by adding small volumes of these solutions to 
dialysed serum and to saline so that each medium contained both inulin (0-5 g/100 ml.) 
and *‘Na in equal concentrations. 

After soaking for 2 hr in medium containing inulin and Na, each muscle was wiped on 
& tile and weighed in a long tube which could be stoppered. 2 ml. saline (without glucose, 
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inulin or *Na) was added and the tube was clamped in a water-bath for a further 2 hr. The 


inulin and most (90%) of the "Na diffused out of the muscle to the saline. The muscle was 
removed and retained. Reagents were added to the stoppered tubes, the colour which was 
developed being proportional to the inulin (Bacon & Bell, 1948; Creese, 1954). The fluid was 
transferred to matched tubes for estimation in a colorimeter and the radioactivity was also 
measured in a well counter, the same tubes being used. The radioactivity in the muscles 
was courited and added to that found above. 

In other cases the inulin space was measured as described by Creese (1954). 

Insulin. Amorphous bovine insulin was supplied by Burroughs Wellcome and Co. 
Similar batches, prepared in the same way, had a potency of 22 u./mg. The zinc content, 
measured by the manufacturers, was 0-008 % ; tests for the presence of glucagon were negative. 
The insulin was dissolved in a drop of n/10-HCl and diluted with saline. 

Purified proteins. Gamma-globulin which had been prepared from human plasma by the 
method of Kekwick & Mackay (1954) was obtained as dried powder from the Lister Institute. 
The report accompanying the gamma-globulin stated that electrophoretic analysis showed 
91-0 % y-globulin, with smaller amounts of other globulins and albumin. 

Cysteine-HCl. Serum and other protein solutions were treated with cysteine by the 
method of Randle (1954) in order to inactivate the insulin. The test medium was incubated 


- with cysteine hydrochloride (2 g/100 ml.) for 18 hr at room temperature in an atmosphere 


of 5% (v/v) carbon dioxide and 95 % nitrogen. This gas mixture was also bubbled through 
the solution before the addition of the cysteine. The solution was later dialysed against tap 
water and then against saline for a further 24 hr. Serum which had been treated with 
cysteine was paler in colour than the control serum. 


RESULTS 
Effect of saline and serum on sodium of muscle 


Table 1 gives the results of analysis of muscles after immersion in saline 
and in dialysed human serum. The sodium content of fresh muscle was 
32-9 m-mole/kg wet tissue (mean of 21). This value is lower than that 
reported by Creese (1954) and may be due to the exsanguination in the 
present series (see above). In the upper experiment shown in Table 1 the 
sodium content of muscles after 2 hr in serum was 31-0 m-mole/kg wet 
muscle (mean of 6), while the sodium of control muscles in saline was 
42-5 m-mole/kg (mean of 6). In the lower experiment the serum had 
previously been treated with cysteine-HCl (2 g/100 ml.) so that the 
insulin should be inactivated. The serum after such treatment was still — 
able to maintain the sodium of test muscles at a lower value than controls 
(lower experiment of Table 1). In the last line of Table 1 the two groups 
of 12 muscles have been combined; muscles in serum showed a significant 
diminution in sodium as compared with control muscles in saline, and 
also @ significant diminution in water content. For the two groups of 
twelve muscles there was no significant change in potassium content. 

The diaphragm is covered by pleura and peritoneum and the above 
results might be attributed to osmotic effects producing a change in 
intercellular space. It was desirable to measure the extracellular space 
and the total sodium on the same specimen and this was done by the use 
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of inulin and Na. It was first necessary to ensure that mixing of *4Na 
and “Na was complete. 


TABLE 1. Analysis of diaphragm muscles immersed for 2 hr in 
_ saline and in dialysed human serum 


Analysis of muscle Medium Total 
Na K H,O Na K (g/ 
No. (m-mole/kg) (m-mole/kg) (g/100 g) (mm) (mM) 100ml.) 


In saline 6 42-5+1-3 98-6 + 0-90 76-2 + 0°24 139 5-2 1-0 
In serum 6 31-0 + 0°63 96-7 + 1-2 74:-5+0°31 144 5-2 7:0 
In saline 6 45-4+1-8 93-9 + 1-6 76-6 + 0-42 135 5-2 1-0 
In serum 6 33-6 + 1-2 101-8+1°5 75:0+0°39 140 5:1 71 
(cysteine 
treated) 
Fresh 21 32-9 + 0-80 97-1+1-6 75-8 + 0-23 — — — 
Difference 12 — 11-6* +3-0 — 1-6* 


Mean values are given, with the s.z. Muscles in dialysed serum had a lower sodium con- 
tent than controls in saline (upper expt., P < 0-01). A similar difference was found after 
the serum had been treated with 2% cysteine-HCl and dialysed (P < 0-01). The last line 
shows the effect of serum as compared with saline, for the two groups of 12 muscles. An 
asterisk indicates significant differences (P < 0-01, by ¢ test). | 


with 


Muscles were suspended in a large volume of saline epiiteliiion Na. 
After 2 hr at 38° C the muscles were removed and the ratio (radioactivity 
per m-mole Na in. muscle): (radioactivity per m-mole Na in saline) was 
determined. The ratio was nearly unity, being 1-01+0-02 (s.z. of 13, 
range 0-92—1-11), indicating that the “Na and *4Na had become uniformly 
mixed in the muscle. In these circumstances the sodium content is now 
proportional to the radioactivity, and can be obtained from the radio- 
activity of the muscle and the analysis of the external fluid. Heppel (1940) | 
has demonstrated that all the sodium of rat muscle is exchangeable in 
vivo. 

Inulin space and sodium content 

“Table 2 gives results from muscles in which the total sodium was 
measured by *4Na and the extracellular space by inulin as described above. — 
It was again found that muscles in serum had a smaller sodium content 
than control muscles in saline (P < 0-01), and the difference is similar to 
that shown in Table 1. The inulin space was 200 ml./kg (mean of 14) for 
muscles in saline, and 163 ml./kg (14) for muscles in serum; the difference 


Is significant (P < 0-01). 


This enables the fibre sodium to be obtained by subtraction of the extra- 
Cellular sodium. For muscles in saline the value is 19-4 m-mole/kg (14) 
and for serum 13-1 m-mole/kg. Expressed in this manner the fibre sodium 


| is less in the case of muscles in serum than control muscles in saline 


he 
was 
was 
cles 
Co. 
ent, A 
ive. 
the 4 
te. 
ed 
the 
ited 
ugh 
4 
tap 
ine 
vas 
at 
he 
he 
vet 
as 4 
iad 
he 
till 
‘ols 
Ips a 
und 
of 
) V e 
in 
ace 
use 


348 R. CREESHE AND JEAN NORTHOVER 


(P < 0-01). The data of Table 2 do not enable the fibre concentrations to 
be calculated in m-mole/kg fibre water, for water contents are not given. 
However, coricentrations can be obtained by combining the results in 
Tables 1 and 2, as shown below. 


Creese (1954) obtained a value of 264 ml./kg for the inulin space of diaphragm after 
immersion for at least 2 hr in saline followed by a further 1-3 hr in saline containing inulin. 
Liillmann (1958) found an inulin space of 17%. Northover (1958) reported a value of 196 ml./ 
kg after immersion for 1-2 hr in saline, and 263 ml./kg after 3hr. It is likely that the 
duration of soaking, the medium and the method of wiping are factors which affect the 
values obtained. 


TaBLe 2. Inulin space and total sodium of diaphragm muscles immersed for 2 hr in saline 
and dialysed human serum. Values are expressed in m-mole/kg wet wt. of whole muscle 
unless otherwise stated 


Inulin 


Total Na in External Fibre 
Na medium Na Na 
(m-mole/kg) (mi./kg) (m-mole/l.) (m-mole/kg) (m-mole/kg) 
49-1 216 143 30:9 18-2 
47-2 213 143 30:4 16-8 
41-3 161 143 23-0 18-3 
48-8 186 143 26-6 22-2 
46-1 151 143 21-6 24-5 
44-4 187 143 26-7 17-7 
48-8 203 143 29-0 19-8 
52-1 219 143 31-3 20-8 
46-5 200 136 27-2 19-3 
47-9 230 136 31-3 16-6 
49-2 223 136 30-3 18-9 
50-6 224 136 30°5 20:1 
47-2 215 136 29-2 18-0 
43:3 172 136 23-4 19-9 
Mean (14) 47-3 200 28-0 19-4 
0-77 6-7 0-57 
Serum 
35-8 157 147 23:1 12-7 
34-8 152 147 22-3 12-5 
31-0 137 147 20:1 10-9 
32:8 115 147 16-9 15-9 
35-0 133 147 19-6 15-4 
34-1 153 146 22-3 11-8 
‘38-5 210 146 30-7 7:8 
38-1 162 146 23-6 14-5 
37-5 174 139 24-2 13-3 
41-9 201 139 27-9 14-0 
37-6 182 139 25-3 12-3 
34:4 147 139 20-4 14-0 
41-2 184 139 25-6 15-6 
36-4 172 139 23-9 » 125 
Mean (14) 36-4 163 23-3 13-1 
8.E. 0-81 71 0-57 


Total sodium was measured with “Na. Inulin (0-5 g/100 ml.) was present in all media. 
Muscles in serum contained a lower sodium content than those in saline (P < 0-01). The | 


fibre sodium when expressed as m-mole/kg wet weight of muscle is also less in muscles 
which had been in serum (P < 0-01). 


3 
+ 
? 
a: 
Li @ 
toy 
ta 
H 
i} 
a 
tk 
| 
t 
in 
4 
| 


scle 


SODIUM IN DIAPHRAGM 349 


Calculation of fibre sodium 


The fibre sodium of the muscles shown in Table 1 can now also be 
calculated, by using mean values of the inulin space from Table 2. It is 
assumed that the muscle can be treated as a two-compartment system 
and that the interfibre space is measured by inulin and contains fluid of 
the same composition as the external medium. The method is indicated 
below for the mean values. Calculations have also been made for the 
individual muscles, so that the s.z. of the mean could be found. 


In 1 kg muscle after immersion in saline the water content is 764 g (mean of 12, from 
Table 1). The inulin space is 200 ml., containing fluid with a specific gravity of 1-006 and a 
water content of 99-0 g/100 g. The water content of the extrafibre fluid is thus 199 g and 
hence the fibre water is 565 g. In 1 kg muscle after immersion in serum the water content 
is 747 g, the inulin space is 162 ml. and the fluid has a specific gravity of 1014 and a water 
content of 93-0 g/100 g. The water content of the extrafibre fluid is then 153 g, and the 
fibre water is 594 g. 

The total sodium is 43-9 m-mole in 1 kg muscle immersed in saline (mean of 12, from 
Table 1). The sodium content of the extracellular fluid is 137 m-mole/l., and hence 200 ml. 
contains 27-4 m-mole. The fibre sodium is then 16-5 m-mole/kg, or 29-2 m-mole/kg fibre 
water. In 1 kg muscle after soaking in serum the total sodium is 32:3 m-mole. The external 
fluid has a sodium content of 142 m-mole/]. and 162 ml. contains 23-0 m-mole. Hence the 
fibre sodium is 9:3 m-mole/kg, or 15-7 m-mole/kg fibre water. 

For some purposes the fibre volume is required. This can be obtained from the specific 
gravity. Creese (1954) found that diaphragm muscle with a water content of 78-6 g/100 ml. 
(solid content 21-4 g/100 g) had a specific gravity of 1055. Each 1% solid adds 0-00257 to 
the specific gravity (cf. Hill, 1931). Then the specific gravity of muscles in saline (solid 
23-6 g/100 g) may be taken as 1-061, while that of muscles in serum (solid 25-3 g/100 g) is 
1-065. Hence 1 kg muscle in saline has a volume of 943 ml., and 939 ml. if soaked in serum. 
By subtracting the inulin spaces the volume of the myoplasm is 743 ml./kg for muscles in 
saline and 777 ml./kg for muscles in serum. Since the fibre sodium is 16-5 and 9-3 m-mole/kg 
respectively for muscles in saline and serum, the fibre sodium can also be expressed as 
22-2 and 12-0 m-mole/l. myoplasm. 


Table 3 gives a summary of the sodium content of the two groups of 
12 muscles. Whether expressed on a dry-weight basis or as fibre sodium 
it can be seen that muscles in serum had a lower sodium content (P < 0-01 
in each method of presentation). 


Taste 3. Summary of sodium values of diaphragm muscles after immersion in saline and 
in dialysed human serum for 2 hr (12 muscles in each group) 


Saline Serum 
Total sodium (m-mole/kg wet muscle) 43-9 + 2-22 32°3+ 1-39 
Total sodium (m-mole/100 g dry muscle) 18-6 + 0-59 0-41 
Fibre sodium (m-mole/kg wet muscle) 16-5+ 1-14 9-3 + 0°79 
Fibre sodium (m-mole/kg fibre water) 29-2 + 2°47 15:7 + 1-29. 
Fibre sodium (m-mole/l. myoplasm) 222+ 1:53 12-0 + 1-02 


The values are from those shown in Table 1, assuming mean inulin spaces from Table 2. 
Mean results are given +s.H. The sodium content of muscles in serum is less than that of 
control muscles in saline (P < 0-01 in each of five methods of presentation), 
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From the above calculations the fibre sodium of muscles in serum is 
15:7 m-mole/kg fibre water. Creese (1954) found a value of 18 m-mole/kg 
fibre water for muscles in vivo; Northover (1958) obtained 16 m-mole/kg 
fibre water. Hence the muscles in human serum were maintained for 2 hr 
with a normal sodium content. The muscles in saline had consistently 
higher values. 


Other calculations 


In view of the shifts in water which commonly occur when isolated 
tissues are incubated in vitro it is of interest to calculate the fibre water. 
It is found that soaking produces very little effect when the te a are 
expressed in g water/100 g fibre solids. 


In 1 kg fresh muscle Creese (1954) found fibre water to be 522 g/kg. The total solids were 
230 g. The blood content in this case was 73 g containing 14 g solid, and the intercellular 
fluid was 189 g. Assuming an arbitrary value of 4 g for the solid material associated with 
100 g intercellular fluid (the true figure is unknown), the intercellular solid is approx. 8 g. 
The total extracellular solid is then 22 g and the fibre solid is 208 g. The fibre water is then 
251 g/100 g fibre solid. 

For 1 kg muscle in serum the total water is 747 g (mean of 12, from Table 1), so total 
solid is 253 g. The inulin space is 162 ml. (Table 2), and if the interfibre water contains 
7 g solid/100 ml. the external solid is 11g. Hence fibre solid is 242 g; the fibre water is 


' 694 g (above), or 245 g/100 g fibre solid. 


For 1 kg muscle in saline the total water is 764 g (mean of 12, from Table 1), so total solid 
is 236 g. The interfibre fluid contains 1 g solid/100 ml., so with an inulin space of 200 ml. 
(Table 2) the external solid is 2 g. The fibre solid is then 234 g, and the fibre water is 565 g 
(above) or 241 g/100 g fibre solid. The value is similar to that of muscles in serum, and 


_ both figures are a little smaller than values of unsoaked muscle. This small change might 


be due to a difference of osmotic pressure between rat plasma and the saline which was used, 
as found by Northover (1958). 

There is little difference between the mean fibre potassium of muscles in saline and serum. 
The potassium content of muscles in saline is 96-2 m-mole/kg (mean of 12, from Table 1). 
The K in 200 ml. interfibre fluid is 1:0 m-mole, so that the fibre K is 95-2 m-mole associated 
with 565 g fibre water or 168 m-méle/kg fibre H,O. For muscles in serum the total K is 
99-2 m-mole/kg (mean of 12, from Table 1). The extracellular K in 163 ml. is 0:8 m-mole, 
so that the fibre K is 98-4 m-mole associated with 594 g, or 166 m-mole/kg fibre H,O. 


Insulin and muscle sodium 


Table 4 gives some results obtained with saline fortified with insulin 
(10 m-u./ml.). The protein content was 0-045 mg/100 ml. This insulin 
solution was dialysed before use, and the muscles were immersed for 2 hr 
(12 muscles in insulin-saline and 12 control muscles in saline). Diaphragms 
which had been in contact with insulin-saline gave vigorous twitches when — 
cut and often appeared to fibrillate on removal from the test solution. 
These muscles had a lower sodium content than that of control muscles 
in saline (P < 0-01), the effect of insulin being comparable with that of 
serum as regards sodium content. The potassium of test muscles was also 
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significantly higher than that of control muscles (P < 0-01), and these 
results differ from those obtained with serum (Table 1). The inulin space 
was somewhat smaller in muscles treated with insulin (P < 0-05). Fibre 
sodium was calculated as above and shows significant differences between 
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the two groups (Table 4). Insulin was measured in separate experiments. 


TaBLE 4. Analysis of diaphragm muscles immersed for 2 hr in saline 
and in saline containing insulin (10 m-u./ml.) 


Insulin— 
Saline saline 

Na (m-moie/kg muscle) 44-:0+1-7 34-64 1-4 < 0-01 
K (m-mole/kg muscle) 90-8 + 1-8 100-8 + 1-8 < 0-01 
H,O (g/kg muscle) 765-0 + 5:2 755-0 + 3-8 

Inulin space (ml./kg muscle) 212-0 + 6-2 194-0+3°8 < 0-05 
Fibre Na (m-mole/kg muscle) 15-0+1-7 8-0+1-4 < 0-01 
Fibre Na (m-mole/kg fibre H,O) 14-3+2°5 < 0-01 


Mean results are given +8s.z. Twelve muscles were analysed in each case. Muscles in 
insulin-saline had a higher potassium and lower sodium content than controls. _ 


Taste 5. Analysis of diaphragm muscles immersed for 2 hr in saline containing various 
protein fractions from human plasma or serum 


Protein Na K H,O 
(g/100 ml.) No. (m-mole/kg) (m-mole/kg) (g/kg) 
Control 12 44641-2 91-7+1-2 77-3 +0-42 
Crude globulin 1-2 (1-0-1-5) 12 34:4*+1-5 92-6421 77-7+0-71 
Control 4124095 §=96-5 41-2 77-14+0°23 
Gamma-globulin 2-2 15 3654+1:5 964+1°8 76-6 + 0-34 
(batch G, EG 105) ‘ 
Control 6 42:14+1-7 99-1+ 1-8 78-0 + 0-25 
Crude albumin 3-6 (2-9-3-8) 6 36-7+1-4 103-5+1°8 77:0 + 0-33 


For muscles the mean values are given +s.E. Muscles in the presence of serum globulin 
had a lower sodium content than control muscles in saline, with no diminution of muscle 
water. The asterisk indicates a significant difference (P < 0-01). All protein solutions were 
dialysed against saline before use. For protein concentration the mean is given and the 
range. In some cases the globulin was pre-treated with cysteine (see text). 


Use of some protein fractions of human serum or plasma 


Table 5 shows some results obtained when certain protein fractions were 
tested. The gamma-globulin was obtained from the Lister Institute and 
the other fractions were separated from serum by ammonium sulphate 
(see above). In Table 5 the differences between the sodium content of 
test muscles and controls in saline are more important than the absolute 
values. It can be seen that the globulin in relatively low concentration 
(1:2 ¢/100 ml.) was effective in maintaining a low sodium content as com- 
pared with controls. This concentration of protein produced no diminution 
of total water, and there was no significant difference in potassium. In some 
cases the globulin was pre-treated with cysteine to inactivate any insulin | 
which might have been present. The globulin was still effective, the 
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sodium content of test muscles being 36-8 + 2-4 (s.z. of 6) m-mole/kg as 
compared with 45-3+41-8 (6) m-mole/kg for control muscles in saline 
(P < 0-01). These results have been included in those listed in Table 5. 

Gamma-globulin and albumin in higher concentration produced only 
small effects on muscle sodium which were not significant at the 1% level 
(Table 5). In both cases there was some diminution in water content 
of the diaphragm as compared with controls in saline. This might have 
been due to an osmotic reduction in the extracellular space of muscles in 
protein solutions, and this would of course produce a small fall in the 
total sodium of the muscle immersed in the protein solution. 


DISCUSSION 


The study of sodium in mammalian tissues has been complicated by the 
great increase which commonly follows immersion in physiological saline. 


Table 6 gives some published results in the case of diaphragm muscle, 


Values for fresh muscle depend partly on the methods of exsanguination 
and wiping employed; in the case of immersed muscle the chief factors 
appear to be the dissection time, oxygenation and the period of immersion. 


TaBLe 6. Sodium content of rat diaphragm muscle, from various authors. 
Values in m-mole/kg wet wt. 


Aebi (1953) 56 137 

Fliickiger & Verzér (1954) 32 62 

Creese (1954) 42 70 

Barnes, Duff & Threlfall (1955) oa 85 

Liillmann (1958) 44 58 

Krnjevié & Miledi (1958) : 48 82-106 

Rixon & Stevenson (1958) 25 66 

Present study 33 44 (saline) 
32 (serum) 
35 (insulin) 


The immersion fluids were saline of various compositions, except where indicated. 
Values from Rixon & Stevenson (1958) have been calculated. 


The diaphragm has a high oxygen consumption and calculations made by 
Creese, Scholes & Whalen (1958) imply that the thickness of the diaphragm 
is close to its critical value, so that there is little margin if hypoxia is to be 
avoided. In the present study the muscles were simply immersed for 
2 hr; prolonged soaking and experimental manoeuvres might have resulted 
in a considerable gain in sodium similar to that found previously by one 
of us (Creese, 1954). The deleterious effects which usually follow immersion 
in saline produce a large increase in the total cations when expressed as 

m-mole (Na + K)/kg total water (Harris, 1960). To escape the necessity of 


supposing that this increase in cations is all intracellular it has been sug- . 


gested that the extra sodium may be partly bound to a surface structure 
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or associated with the fibrous tissue of the preparation (see Harris & 
Steinbach, 1956). 

The present study shows that in the presence of human serum the sodium 
of rat diaphragm is maintained at low values, and this effect is not merely 
on the extracellular fluid for the fibre sodium is also low as compared with 
control muscles. The potassium was but little changed, and this is in 
contrast to insulin which produced a significant rise in the potassium 
content of test muscles as compared with control muscles. Carey & 
Conway (1954) also found low sodium values in frog muscle immersed in 
frog plasma. Reports of the action of serum or plasma on mammalian 
muscle have been conflicting. Opie & Rothbard (1950) showed that less 
water was taken up when rat muscle was immersed in serum than in 


saline. Gaudino (1956) immersed rabbit muscle in rabbit serum and 


reported considerable gains of water and sodium and loss of potassium. 
In this case, however, about 1 g muscle was used and it is possible that 


_ only the outer portion of the tissue received sufficient oxygen. 


The results of Table 5 show that the crude globulin fraction was effective 
in maintaining low sodium in test muscles, without significant changes in 
water or potassium. It is not known whether this action is attributable 
to protein or to substances associated with protein, but this serum factor 
appears to be non-dialysable and it survives freeze-drying. There is evidence 
that proteins in the external fluid are required for normal cell functions in 
certain cells, apart from the osmotic effect. For proper growth of tissue 
cultures, artificial media are usually supplemented with serum or other 
protein-rich fluids (Gey, 1956), and in the case of tumour cells the studies 
of Sanford, Westfall, Fioramanti, McQuilkin, Bryant, Peppers, Evans & 
Earle (1955) have showed that the globulin fraction of serum contains 
factors required for normal growth of the culture. The presence of serum 
is necessary for the prevention of oedema in the perfused frog hind limb. 
This is not purely an osmotic effect (Danielli, 1940), and it has been 


concluded that capillary permeability is greatly reduced by a layer of 


adsorbed protein. Erythrocytes become spherical if they are made to 
lose their outer layer of albumin (Furchgott, 1940; Ponder, 1952). The 


mechanism by which serum proteins might affect the sodium content of 


muscle fibres is speculative. A layer of protein is believed to exist on the 
outer surface of cell membranes (see Davson & Danielli, 1952), and it is 
possible that the entry of sodium is increased if the protein layer is not 
maintained, as may well occur when the muscle is immersed in protein- 
free fluids. | 

It is difficult to study sodium movements in diaphragm muscle at body 


_ temperature because the proportion of extracellular sodium is considerable 


and the exchange of “Na is rapid, the half-time for fibre sodium being 
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about 10 min or less (Creese, 1954). For amphibian muscle at room tem- 
perature Carey & Conway (1954) and Edwards & Harris (1957) have 
concluded that a portion of the fibre sodium is distributed in a special 
outer compartment whose sodium exchanges comparatively rapidly with 
that of the extracellular fluid, and which contains little potassium. Studies 
on single fibres have served neither to confirm nor to reject these concepts 
(Hodgkin & Horowicz, 1959). It is possible that the proteins of serum act 
by preventing an accumulation of sodium in the outer compartment, 
which according to Conway (1957) might be the sarcolemma. This would 
be consistent with the finding that the ion changes which occur when frog 
muscles are immersed in saline solutions are unaccompanied by corre- 
sponding changes in the resting potential of the fibres (Shaw, Simon & 
Johnstone, 1956; Liillmann, 1958). 

The interstitial fluid which forms the immediate environment of cells 
has rarely been collected, but there is considerable evidence that it con- 


tains protein in substantial amounts (Maurer, 1938; Drinker, 1946; Gitlin 


& Janeway, 1954; Dewey, 1958). The results reported in the present 
investigation are compatible with the view that one of the functions of 
the protein of the interstitial fluid is the maintenance of the sodium 
content of muscle at its normal low value. 

- Insulin is a protein which is present in serum and which is known to 
affect the potassium of isolated rat muscle (Leupin & Verz4r, 1950; 
Kamminga, Willebrands, Groen & Blickman, 1950; Zierler, 1957). Insulin 
also increases the resting potential of isolated rat muscle (Zierler, 1957). 
It was therefore not surprising to find that insulin also decreased the 
sodium content of diaphragm muscles. Fliickiger & Verzdr (1954) showed 
that absence of both glucose and insulin raised the uptake of *4Na in 
diaphragm muscle. The experimental findings give some support to the 


view that insulin can affect the operation of the sodium-potassium scion 


process in certain muscles. 

The insulin content of rat plasma is not known, and values for ae 
plasma have varied from 0:1 to 3m-u./ml. (Vallance-Owen & Wright, 
1960); the larger values are only obtained by dilution of the plasma 
(Randle, 1954). Cysteine in high concentration is known to inactivate 
insulin so that it does not lower blood glucose (Du Vigneaud, Fitch, 
Pekarek & Lockwood, 1931), and no longer increases the glucose uptake — 
of rat diaphragm muscle in saline solutions (Vallance-Owen & Hurlock, - 
1954). Plasma similarly treated no longer shows insulin-like activity as 
judged by the effect on the uptake of glucose in diaphragm muscle 
(e.g. Randle, 1954; Vallance-Owen & Hurlock, 1954; Baird & Bornstein, 
1957). It has therefore been assumed here that the oysteine-treated serum 
had no insulin activity. Since serum after treatment with cysteine had a 
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similar effect to untreated serum, it would appear that there are at least 
two substances which affect the sodium of diaphragm muscle, namely — 
insulin in low concentration (0-04 mg/100 ml.) and the other proteins of © 
serum or substances associated with the proteins. | 


SUMMARY 


1, Rat diaphragm muscles immersed in saline for 2 hr at 38° C showed 
a rise in sodium content when compared with normal values in vivo, and 
a rise in fibre sodium as calculated from the inulin space. In the presence 
of dialysed human serum the total sodium of the muscle and the fibre 
sodium were maintained at normal low values. 

2. There was no loss of potassium and no increase in fibre water when 
saline or serum were used as media. 

3. Various preparations of serum proteins were tested. The most effective 
was crude globulin, which in a concentration of 1 g/100 ml. gave similar 
results to those of serum as regards the sodium content of soaked muscles. 

4, The presence of insulin (10 m-u./ml.) in the medium gave low sodium 
and high potassium values of diaphragms as compared with control muscles 
in saline. Serum and crude globulin were still effective after they had been 
treated with cysteine to inactivate the insulin. 

5. Equilibration of *4Na was complete in diaphragm muscle. In some 


- cases the sodium content and the inulin space were measured in the same 
tissue, so that the fibre sodium could be estimated with greater confidence. 


The authors wish to thank Dr W. d’A. Maycock, Lister Institute, who generously supplied 
purified human plasma proteins. The insulin was kindly presented by Burroughs Wellcome 
and Co. Some of the procedures were carried out in the Department of Biochemistry with 
the advice of Professor F. L. Warren and Dr M. W. Neil. 
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THE EFFECTS OF ANOXIA ON THE ISOLATED RAT 
PHRENIC-NERVE-DIAPHRAGM PREPARATION 


By D. H. PAUL 
From the Department of Physiology, King’s College, London, W.C. 2* 


(Received 21 September 1960) 


It has been postulated that anoxia directly and selectively impairs the 
active transport of sodium across the muscle fibre membrane (Awad & 
McDowall, 1952; Awad, 1953), and this was supposed to account for the 
behaviour of a phrenic-nerve-diaphragm preparation when it was made 
anoxic. The hypothesis was derived in part from the reported spontaneous 
occurrence of a neuromuscular block some time after a preparation had 
been allowed to recover from anoxia. This spontaneous failure was reversed 
by lowering the sodium concentration and enhanced by increasing it. 
High sodium concentrations were also reported to decrease the resistance 
of a preparation to anoxia, whilst low concentrations increased it. 

The effects of anoxia were reinvestigated in order to examine further the 
relationship between anoxia and active sodium transport. The first effect 
of anoxia is to produce a neuromuscular block (Awad & McDowall, 1952; 
Awad, 1953; Ellis & Beckett, 1954) and this part of the earlier descriptions 
has been confirmed and extended to include quantitative estimates of some 
of the parameters involved. However, the spontaneous failure referred to 
above was never seen, and the response of a preparation to anoxia could 
not be shown to depend on the sodium concentration. The effects of anoxia 
can reasonably be explained without assuming any specific effect on the 
sodium transport mechanism. 


An account of this work has previously been submitted to the University 


of London in part fulfilment of the requirements for the degree of Doctor 


of Philosophy. 


METHODS 


The technique used involved continuously repeated maximal electrical stimulation of an 
isolated segment of rat diaphragm, either directly or through the attached phrenic nerve, at 
a frequency of 14-16/min, and has been described in detail in a previous paper (Paul, 1960). 

Recording, when isometric, was effected by means of a movable anode valve (RCA 5734) 
and DC amplifier, with display by a pen-writing oscillograph. Maximum twitch tension was 
obtained when the muscle was held under a resting tension of about 5 g. 


of Birmingham. 


* Present address: Department of Zoology and Comparative Physiology, The University 
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Anoxia was produced by substituting a mixture of 5% CO, in nitrogen for the usual 
aerating mixture of 5% CO, in oxygen. This will subsequently be referred to as N,-anoxia. 

Increases in potassium concentration were made by adding suitable amounts of a molar 
solution of potassium chloride to the bath. The dilution of the other ions so produced was 
never more than 1%. For experiments with lowered potassium or altered sodium concen- 
trations the bath solution was replaced with one specially prepared. Where appropriate the 
osmotic pressure was maintained with sucrose. 


RESULTS 
| The response to anoxia 

When an indirectly stimulated phrenic-nerve-diaphragm preparation is 
subjected to N,-anoxia it responds in the characteristic way illustrated in 
Fig. 1. From the point at which N,-anoxia was begun three stages can be 
seen. The first stage is short, and during this period no effect can be 
detected on the twitch height. This probably represents the time taken 
for the oxygen content of the bath solution and the tissue to be substanti- 
ally replaced by nitrogen. The second stage is marked by a progressive 
increase in the twitch height, and is followed by the third stage during 
which the twitch declines rapidly until the muscle fails to respond to in- 
direct stimuli. Increasing the stimulus strength does not elicit a contrac- 
tion, but the muscle still responds to direct stimulation, although the _ 


Fig. 1. Response of a rat phrenic-nerve-diaphragm preparation stimulated in- 
directly and maximally at 15/min to N,-anoxia, and its subsequent recovery with 
oxygen. A, beginning of N,-anoxia; M, response of the directly stimulated muscle; 
O,, reintroduction of oxygen to the bath. Time marker, 1 min. Isotonic recording; 
B, base line, with muscle contraction upwards. 


twitch obtained is not usually as big as that obtained before anoxia with 
indirect stimulation (see below, effects of anoxia on muscle fibres). It has 
previously been demonstrated that this failure of indirect excitability is 
not due to a block of conduction along the phrenic nerve (Awad, 1953) and 
the block must therefore be at the neuromuscular junction. Ellis & 
Becket (1954) reached the same conclusion. Action potentials can in fact 
be recorded from the phrenic nerve after indirect excitability has been lost. 
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The mean durations of the stages of anoxia ina series of forty-six experi- 
ments were, stage 1, 1-5 min + 0-1 (s.z. of the mean); stage 2, 2-1 min + 0-1; 
stage 3, 9-4 min + 0-4. The time taken for a neuromuscular block to develop 
(t~arp) is the sum of these three stages, and was 12-9 min + 0:5. 

Alterations in ty, indicate alterations in the resistance of the prepara- 
tion to anoxia if the experimental conditions remain the same. 

There was a considerable variation in the individual observations, but 
when two preparations were made from the same diaphragm by using both 
left and right sides, under similar experimental conditions both prepara- 
tions gave similar response times even though the individual twitch heights 
were often quite different. Two preparations from the same animal could 
therefore be used to compare the effects of different experimental condi- 
tions on the response to anoxia, one hemi-diaphragm being used as a 
control of the other. In this way it was found that neither eserine in con- 
centrations of 2x 10-* g/ml. nor calcium concentrations of 10-12 mm (be- 
tween 4 and 5 times normal concentration) have any effect on the tyyp. 

All the results described so far were obtained with an isotonic recording 
system. Parallel experiments were done using an isometric recording 
technique, and the response was similar in all respects. The results of a 
typical experiment are shown in Fig. 2. Of particular interest is the 
demonstration that the increase in the twitch response during stage 2 is a 
genuine increase in the tension developed by the muscle. 

The typ might be expected to depend on the rate at which oxygen is 
removed from the bath solution, and during N,-anoxia this is determined 
mainly by the flow of nitrogen through the solution. Anoxia can be pro- 
duced most rapidly by stopping the aeration and immediately emptying 
the bath, refilling it with an air-free solution, or with one previously 
equilibrated with nitrogen, and this in fact results in a shorter tyyp, the 
first stage being negligible whilst the second and third stagés are normal. 
Slow anoxia can be produced by simply cutting off the gas supply, in 
which case tyyp is considerably lengthened. In a group of eight such 
experiments tyy;3 was 53-150 min. For much of this time no effect on the 
twitch height was recorded, and obviously the oxygen dissolved in the 
bath is sufficient to maintain activity for some time. The rate of utilization 
of oxygen by the tissue might, in these circumstances, be expected to 
control tx, to some extent, and on increasing it, by either doubling the 
rate of stimulation or by doubling the external work load, ty, was approxi- 


mately halved. An interesting observation in these experiments with slow _ 


anoxia was the absence of the increase. in twitch mee before a neuro- 
muscular block occurred. 

When the twitch height was recorded isotonically, approximately 50° 
of the muscles subjected to anoxia developed a contracture like that 
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shown in Fig. 1. Normally anoxia was not continued beyond the point at 
which a neuromuscular block developed, but a few experiments were done 
in which anoxia was prolonged, and in these cases the contracture con- 
tinued to build up whether the muscle was stimulated or not, and eventually 
yeached a maximum level which was some 2-3 times the normal twitch 
height. 
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Fig. 2. Response to N,-anoxia recorded isometrically. Each point represents the 
mean tension of 5 consecutive twitches. The muscle was indirectly stimulated at 
15/min with maximal shocks. The muscle was held under a resting tension of 4-8 g 
throughout the experiment. N,, beginning of N,-anoxia; M, response of the directly 
stimulated muscle; O,, reintroduction of oxygen to the bath. 


When a contracture was obtained before a neuromuscular block occurred, 
the response of the directly stimulated muscle was often smaller than when 
no contracture was observed. There was no apparent correlation between 
the degree of contracture and the response of the directly stimulated 
muscle but a distinction could be made between preparations showing a 
contracture and those not doing so by comparing the directly elicited 
response with an arbitrary level of 2/3 the pre-anoxic twitch height. Com- 
pared to this level, 78 °/, of muscles with a contracture had given a smaller 
direct response, whilst 85 °/, of muscle without a contracture had given a 
greater direct response. 
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No contracture was observed when the twitch height was recorded iso- 
metrically, which suggests that this type of muscle shortening has only a 
limited capacity for performing work, as the muscle was normally held 
under a resting tension of about 5 g. It can be prevented from occurring 
under isotonic conditions by loading the lever; 5 g placed 2 cm from the 
lever fulcrum was normally sufficient. With this load an ‘isotonic’ twitch 
was still obtained. : 


Effects of N,-anoxia on the muscle fibres 

To assess effects of anoxia other than on the neuromuscular junction, 
neuromuscular transmission was eliminated by repeating the experiment 
on a curarized preparation. The response of a preparation which had been 
curarized with a concentration of 2x 10-° g/ml. p-tubocurarine and was 
stimulated directly is shown in Fig. 3. The first two stages were similar in 
duration to those obtained from an indirectly stimulated preparation 
(cf. Fig. 1), but the muscle continued to respond to direct stimuli for some 


Fig. 3. The response of a curarized preparation to N,-anoxia recorded isotonically, 
with muscle contraction upwards. The muscle was stimulated directly with maxi- 
mal shocks at 15/min. A, beginning of N,-anoxia; O,, reintroduction of oxygen to 
the bath. Time marker, 1 min. 


40 min before direct excitability was lost. In every similar experiment 
where a curarized muscle was made anoxic a contracture developed before 
the loss of direct excitability, provided that the twitch was recorded iso- 


appearance of a contracture seems to be associated with the effects of 
anoxia on the muscle fibre, and does not appear to be linked to the failure 
of neuromuscular transmission. During the period in which indirect excita- 
bility disappears, the muscle fibres will also be affected to some extent, and 
this explains why the response of the muscle stimulated directly after a 
neuromuscular block has appeared is usually smaller than the pre-anoxic 
twitch height. Furthermore, as the appearance of a contracture indicates 
that the muscle fibres are being affected, it is not surprising that the direct 
response is smaller when a contracture has been recorded. 


tonically. Again no contracture occurred under isometric conditions. The — 
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Recovery with oxygen 


The above results show that there are two factors to be considered in the 
anoxic response, the effect on the neuromuscular junction and the effect on 
the muscle fibres. It is therefore convenient to describe the recovery of a 
eurarized preparation first, as muscle fibres only have to be considered. 

Recovery of a curarized preparation from N,-anoxia. Reintroducing oxy- 
gen into the bath brings about a recovery of direct excitability and a 
decline in the contracture. It can be seen from Fig. 3 that these two take 
place together. The initial rate of recovery is about 1 °% per minute of the 
pre-anoxic twitch height, and this rate only gradually declines as maximum 
recovery is approached, which in curarized preparations amounts to about 
55 %, of the pre-anoxic twitch, and is reached after about 14 hr. 

Recovery of a normal preparation from N,-anoxia. Reoxygenation of the 
bath solution relieves the neuromuscular block and restores the response to 
indirect stimulation. There is a time lag between restoring the oxygen 
supply and the reappearance of the twitch, analogous to the first stage of 
anoxia. The twitch normally appears within a minute of reoxygenation. 
Isometric recording gives a better measure of this delay, and in the experi- 
ment of Fig. 2 the delay was > 44sec < 48sec, the interval between 
successive stimuli being 4 sec. 

The recovery of indirect excitability occurs in two stages. The rate of 
recovery is high initially and it then slows quickly and considerably. This 
is shown in Fig. 1. It will also be seen from this figure that the contracture 
is also reversed by oxygen, and this begins well before the twitch reappears. 
The decline of the contracture and the consequent alteration of the base 
line sometimes produces a pronounced hump in the trace, as shown in the 
figure. Normally the contracture begins to decline after about 10 sec re- 
oxygenation, and there is no apparent link with the reversal of the neuro- 
muscular block. | 

During recovery from N,-anoxia 40% recovery (as a percentage of 
pre-anoxic twitch height) was always obtained in under 10 min, the mean 
values being 42-2 %/ + 3-5 (s.n. of 9) and 6-1 min + 1-1 (s.£. of 9), and over 
the next 50 min recovery continued at a much slower rate, such that after 
30 min it was 65-1 + 2-7 (s.x. of 17) and after 60 min 77-2 % + 3-7 (8.x. 
of 11). The rate of recovery over the initial rapid phase varied in different. 
preparations from 2-6 %//min to as much as 23 %/min. During the recovery 
period up to 30 min the maximum recorded rate was only 1-2°%/min, and 
over the next 30 min (to 1 hrrecovery) it was never greater than 0-6%/min. 
Maximum recovery rarely reaches 100 % of the pre-anoxic twitch height or 
tension, and in a second series of experiments it was found to be 77 % t +5 
(8.£. of 9) and was obtained in 64-5 min + 4-7 . BE. of 9). 
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Comparing the recovery of normal and curarized preparations, two 
points can be made. First, the rapid recovery phase only occurs after a 
neuromuscular block, and secondly, the rate of recovery of a curarized 
preparation is the same as the rate of recovery in the slow second stage of 
a normal preparation. This strongly suggests that the rapid recovery phase 
is due to the recovery of neuromuscular transmission, whilst the slower 
component is due to recovery of muscle fibres that had been affected by 
anoxia. To confirm this, some preparations were curarized after the peak 
of the rapid recovery had been passed. The response then obtained by 
direct stimulation of the muscle was equal in size to that previously ob- 
tained by indirect stimulation, showing that the ultimate restraint on 
recovery is a partial loss of direct excitability. 


Effects of further periods of anoxia 

Subjecting a preparation to N,-anoxia for a second time after allowing 
it to recover from the first period produces a qualitatively similar response 
to that of the first period, but stages 1 and 3 are shorter in duration. The 
preparation recovers on reoxygenation in a similar fashion to that de- 
scribed above, and with some further reduction in the twitch height. 
When a second period of anoxia was begun 1 hr after recovery from the 
first period had been initiated (this interval being just sufficient for maxi- 
mum recovery) stage 1 decreased from 1-5 min + 0-1 (s.8. of 23) to 1:3 min 
+ 0-1 and stage 3 from 10-2 min + 0-8 (s.8. of 23) to 1-7+0-7. Both these 
decreases were significant (stage 1, P = 0-02-0-01; stage 2, P< 0-01; by 
t test). 

Seventy-five per cent of the muscles made anoxic for the second time 
develop a contracture before a neuromuscular block, and the onset of con- 
tracture is more rapid than during the first period. The mean difference 
was about 2 min, which is just significant (P = 0-05-0-02). 

A small number of preparations were subjected to a third period of 
anoxia and no particular difference was found between the response times 
of the second and third periods of anoxia except for a small decrease in the 
duration of stage 3, which was not significant. Again the preparations 
recovered when oxygen was reintroduced into the bath, but with a further 
reduction in final twitch height. These results show that the initial period 
of anoxia produces impairment of the preparation in two ways; the resist- 
ance to further periods of anoxia is reduced, and the twitch height after 
recovery is decreased. Subsequent periods of anoxia only reduce the 
twitch height further, having little effect on the resistance to anoxia. 
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Effects of alterations in stimulation rate 

The rate of stimulation does not alter the response to anoxia appreciably 
until it is increased to about 1/sec. Figure 4 shows the response to anoxia 
of two hemi-diaphragms from the same animal when stimulated at various 
frequencies. The only deviation from the expected response was when 
stimulating at 64/min, when the ty, was reduced by nearly 3 min. This 
reduction may have been due to the loss of potassium from the fibres and 
the subsequent decrease in membrane potential occurring at high rates of 
stimulation (Creese, Hashish & Scholes, 1958), which might summate with 
the similar effects of anoxia described by Creese, Scholes & Whalen (1958). 
The fact that a transient rise in twitch height was seen on increasing the 

stimulation rate to 64/min lends support to the suggestion that a sub- 
_ stantial amount of potassium does accumulate in the interfibre spaces. 
No such increase in twitch height was seen when the stimulation rate was 
raised to 32/min only. 

Effects of potassium 


Anoxia causes the diaphragm to lose potassium (Creese, 1954) and 
increasing the external potassium concentration results in a lowered tissue 
potassium content (Paul, 1960). Therefore it was not surprising to find that 
the ty,y, was shortened by increasing the external potassium concentration, 
and that decreasing the external potassium concentration had the opposite 
effect. 

Potassium also affects the increase in twitch height during stage 2. The 
increase in height was less when the potassium concentration was in- 
creased, although no consistent effect was seen on lowering the potassium 
concentration, the peak height sometimes: being increased but at other 
times unaltered. Figure 5 shows the effect of increasing the potassium 
concentration on both the pre-anoxic twitch height, and on the maximum 
height recorded during stage 2. When a small increase in potassium con- 
centration no longer produced an increase in the pre-anoxic twitch height 
then no increase was observed during stage 2 either. This suggests that the 
increase in stage 2 is due to an increased potassium concentration in the 
extra-fibre spaces presumably due to losses from the fibres themselves. 

The stage 2 response disappears or is very much reduced if anoxia is 
carried out at a lower temperature than normal. At 25° C no increase in 
twitch height is seen, and tyy, is very much longer than at 37°C. The | 
absence of stage 2 is not due to any effect of temperature on the aug- 
menting action of potassium, the response to increased potassium concen- 
tration being unaltered at 25° C. 
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Fig. 4. The effect of variations in the stimulation frequency on the response to 
N,-anoxia recorded isotonically. A, B, and OC are the responses of one hemi- 
diaphragm and A’, B’ and C’ are the responses of the other, both having been pre- 
pared from the same diaphragm. In each case N,-anoxia was begun at signal 1, 
O, reintroduced at signal 2, and the muscle stimulated directly at M. Time marker, 
lmin. Rates of stimulation were, A, 16/min, B, 8/min, C, 64/min; A’, 16/min, 
B’, 32/min, C’, 6/min. Stimulation was maximal and indirect. 
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Fig. 5. The effect of excess [K*] on the pre-anoxic twitch height, and on the maxi- 
mum height recorded during stage 2 of the response to N,-anoxia. The potassium 
concentration was raised, and its effect on the twitch height recorded for a few 
minutes before beginning the N,-anoxia. ™, increase (%) in twitch height due to 
K* before anoxia. @, increase (%) of the K+-augmented twitch —— during 
stage 2 of the response to N,-anoxia. 


The effects of sodium 
Varying the concentration of sodium in the bath between the limits 
100-170 mm does not adversely affect the response of a diaphragm prepara- 


tion. Indeed, between 100 and 125 mm sodium the twitch height usually 
increases. Below 100 mm the twitch height is reduced, and with less than 


60 mm sodium both indirect and direct excitability are lost. Increasing 
the sodium concentration above 170 mm also depresses the twitch height, 


- but this can be duplicated by sucrose and is apparently an osmotic effect. 


Within the range 100-170 mm the sodium concentration did not affect 


tyyp in the manner reported by Awad (1953). The only positive effect was 


a rather poorer recovery than expected with 170 mm sodium in the bath. 


DISCUSSION 


Anoxia abolishes both indirect and direct excitability in the rat dia- 
phragm, but the development of a neuromuscular block spreads through 
' the muscle more rapidly than the loss of contractability of the fibres. The 
first visible sign of anoxia is an increase in twitch tension developed by the 
muscle, This is an effect on the muscle fibres, and it was found to be 
complementary to the effect of potassium in increasing the twitch tension. 

It is probably caused by a leakage of potassium from the cells such as that 
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demonstrated to occur as a consequence of anoxia (Creese, 1954; Calkins, 
Taylor & Hastings, 1954). It has been suggested that the effect is analo- 
gous to post-tetanic potentiation (R. J. S. McDowall, personal communi- 
cation) which is easily obtained in this preparation. Presumably this 
potassium leakage will take place at a rate depending on the speed at which 
oxygen is removed from ‘the bath solution, and when this is rapid potas- 
_ sium loss will also be rapid, with potassium tending to accumulate in the 
extrafibre spaces, producing the observed increase in twitch tension. When 
the muscle is made anoxic more slowly, e.g. when the oxygen supply is 
simply turned off, the potassium leakage will then be slow and potassium 
might not accumulate in the extrafibre spaces to the same degree, with the 
result that no increase in twitch tension occurs. Ling & Gerard (1949) 
have demonstrated that potassium leakage from cells does not affect their 
membrane potential if it does not accumulate in the extrafibre spaces. 


The increased twitch effect also disappears at 25° C. In this case the 


cells might be able to maintain their internal potassium concentration for 
a longer period, owing to a general slowing of metabolism tending to con- 
serve anaerobically useful metabolites. The primary effect of anoxia must 
be to interfere with the normal aerobic metabolism of the cells. Ever since 
the work of Araki (1891) it has been recognized that anoxia is accom- 
panied by the formation of large quantities of lactic acid, and more 
recently Calkins e¢ al. (1954) have shown that rat diaphragm produces 
much lactic acid during anoxia, especially in the early stages, indicating 
that a reserve of material that can be metabolized anaerobically does exist. 

As anoxia becomes more severe the twitch tension declines and in- 
directly stimulated preparations develop a neuromuscular block. How the 
block is produced is not known, but as neither eserine, which delays the 
destruction of acetyl choline after release, nor high calcium concentrations, 
which increase its release (del Castillo & Stark, 1952; Hutter & Kostial, 
1954) have any effect on the tyy,, it seems unlikely that impairment of 
acetylcholine release can be solely responsible, as it would be necessary to 
suppose that acetylcholine production stopped suddenly at a single end- 
plate. This appears unlikely in view of the work of Fatt & Katz (1952) 
showing the end-plate potential to be the summed result of a large number 
of acetylcholine quanta reacting with an equal number of sensitive sites. 

Anoxia precipitates the presynaptic block associated with intermittent 
conduction that develops at: high rates of stimulation (Krnjevié & Miledi, 
1959). The times given for the initiation of the effects of anoxia and for 
recovery with oxygen are similar to the times for stage 1 and for recovery 
reported in this paper, bearing in mind the forty-fold difference in stimula- 
tion rate. The effect of low temperature is also similar, preparations re- 
taining their indirect excitability for longer during anoxia at low rates of 
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stimulation in both types of experiment. However, it is not certain that a 
presynaptic block does occur at the very low rate of stimulation used in this 
investigation, and there was no evidence of intermittent conduction during 
anoxia, the twitch height decreasing quite smoothly to zero. 

A second possibility is that as the membrane potential falls during 
anoxia (Creese, Scholes e¢ al. 1958) it may become too low for an impulse to 
be transmitted, but with the large electrical impulse still able to excite the 
muscle directly. In the frog the neuromuscular transmitter lowers the 
membrane potential of the end-plate to 10-20 mV negative (del Castillo & | 
Katz, 1954), and, assuming a similar situation in rat diaphragm, as the 
falling membrane potential approaches this critical value, local current 
flow between the end-plate when depolarized by the transmitter and the 
adjacent areas of the fibre membrane may be inadequate to initiate a 
propagated action potential. In some fibres the membrane potential 
approaches zero after prolonged anoxia (Creese, Scholes et al. 1958) and it 
is probable that these fibres lose their direct excitability. 

Direct excitability can remain when anoxia has abolished neuromuscular 
transmission because some muscle fibres of curarized preparations recover 
before neuromuscular transmission would be expected to reappear in a 
normal preparation. If the return of excitability depends on repolarization 
of the membrane, then these muscle fibres can be directly stimulated at.a 
lower membrane potential than that necessary for neuromuscular trans- 
mission. | 

A hypothesis has been advanced that accounts for the effects of anoxia 
in terms of intracellular accumulation of sodium (Awad & McDowall, 1952; 
Awad, 1953), and was derived to account for a spontaneous neuromuscular 
block that appeared some time after a preparation had recovered from 
anoxia, its appearance being accelerated by high sodium concentrations and 
delayed or prevented by low sodium concentrations (Awad & McDowall, 
1952). The hypothesis was extended by Awad (1953), who also attributed 
the primary anoxic neuromuscular block to accumulation of sodium within 
the cells. These observations could not be repeated during the present 
experiments; the spontaneous neuromuscular block did not appear even 
after 8 hr recovery. | 

It is likely that anoxia is accompanied by an intracellular accumulation 
of sodium, as the active elimination of sodium from the cells. is supported 
by their metabolism, but this will be a consequence of the general meta- 
bolic stress and not a specific effect on active sodium transport. In fact, at 
low temperatures the muscle is more resistant to anoxia whilst at the same 
time sodium accumulates at a faster rate than at 37° C (Creese, 1954). If 
the intracellular sodium concentration was the deciding factor in the 
response to anoxia, this is the opposite of what might be expected to occur. 
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The failure of the twitch height to regain the pre-anoxic level during 
recovery must mean that some fibres are permanently damaged by anoxia. 
Dean (1940) found that a proportion of the potassium lost by a frog muscle 
during anoxia was not regained on reoxygenation, and he also concluded 
that some fibres fail to recover. A second effect of anoxia is to reduce the 
resistance of the remaining active fibres to subsequent exposure to anoxia. 
This is not progressive with each period of anoxia as is the increasing num- 
ber of fibres failing to recover, but is almost completed during the first 
period of anoxia. It may be that certain enzyme systems are disrupted 
during anoxia and cannot be restored to normal on reoxygenation as 
the tissue is isolated. Interference with some enzyme systems has been 
demonstrated during anoxia. Greig & Gorier (1943) showed that co- 
carboxylase was dephosphorylated during anoxia, and destruction of 
enzymes during anoxia has been postulated by Fuhrman, Fuhrman & 
Field (1950) and Merrill, Lemley-Stone & Meneely (1957) in the rat myo- 
cardium. If an enzyme system is affected by anoxia the ability of the 
‘tissue to carry on anaerobic metabolism may be impaired also and its 
resistance to anoxia decreased. ; 

The contracture that is associated with the effects of anoxia on the 
muscle fibres has been previously reported by Creese, Hashish et al. (1958) 
and it appears to be similar to other contractures such as those produced by 
potassium, drugs and constant electric currents (Kuffler, 1946) in that it 
arises in conditions where the membrane potential is very much reduced. 
It was also found by Kuffler that direct excitability was lost as the con- 
tracture developed and this is true of the rat diaphragm also. The appear- 
ance of the contracture is no doubt due to the membrane potential being 
reduced to the level at which the events leading to shortening of the 
contractile elements are initiated (see Katz, 1950). 


SUMMARY 


1. The effects of anoxia produced by 5° CO, in N, have been studied 
on the isolated rat phrenic-nerve-diaphragm preparation. 

2. Anoxia first produces a rise in twitch tension, and this is followed by 
a loss of both indirect and direct excitability. 

3. The rise in the twitch tension appears to be similar to that produced 
by an increase in the external potassium concentration. 

4. Loss of direct excitability spreads more slowly than the neuro- 
muscular wm, and is accompanied by a contracture if the external load 
is small. 
oe mE recover on reoxygenation, recovery of indirect excita- 
bility spreading more rapidly than that of direct excitability. 
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6. The loss of excitability during N,-anoxia was accelerated by in- 
creased external K* concentration and by stimulation at rates greater than 
1/sec; slowed by decreased external K+ concentration and lowered tem- 
perature; but unaltered by variations in external sodium concentration 
and by stimulation at rates up to 30/min. 


I am grateful to Professor R. J. 8. McDowall, who introduced me to this problem, for 
constant help and encouragement during my stay in his department. My thanks are due 
to Dr R. W. Murray for valuable discussion during preparation of this paper. 
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THE ACTION OF ACETYLCHOLINE AND SOME RELATED 
SUBSTANCES ON CONDUCTION IN MAMMALIAN NON- 
MYELINATED NERVE FIBRES 


By CHRISTINE J. ARMETT* anv J. M. RITCHIE 
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(Received 21 September 1960) 


Although there is ample evidence that acetylcholine can excite the 
terminals of amphibian and mammalian sensory nerves, whether they are 
terminals of myelinated fibres (Douglas & Gray, 1953; Gray & Diamond, 
1957; Diamond, 1959), or of non-myelinated fibres (Douglas & Ritchie, 
1960), acetylcholine appears to be without effect on amphibian myelinated 
fibres, on the large non-myelinated fibres of the squid or on mammalian 


myelinated fibres (Lorente de N6, 1944; Hodgkin, 1947; Straub, 1955; 


Diamond, 1959). However, recent experiments have shown that it acts on 
mammalian non-myelinated fibres to depolarize them, reduce their spike 
height, and enhance their spike after-positivity and slow conduction, and 
that this action is reduced by eserine (Armett & Ritchie, 1960). 

The aim of the present experiments was to determine to what extent 
the action of acetylcholine on mammalian non-myelinated fibres is common 


to other cholinesters, to choline itself and to some alkaloids which are | 


pharmacologically related to acetylcholine, and also to see how this 
action is influenced by different types of anticholinesterase and by drugs 
which block some of the actions of acetylcholine, such as tubocurarine, 
hexamethonium and atropine. 


METHODS 


Desheathed vagus nerves were obtained from rabbits anaesthetized with urethane 
(1:6 g/kg given into a marginal ear vein as a 25% w/v solution) and mounted in the 
sucrose-gap apparatus originally described by Stémpfli (1954) and developed by Straub 
(1956, 1957). The methods were similar to those described earlier (Armett & Ritchie, 1960). 
Resting and action potentials of a desheathed nerve were recorded through a pair of Ag- 
AgCl non-polarizable cotton-wick electrodes, fed into a low grid-current cathode-follower 
and amplifier, displayed on a cathode-ray oscilloscope and photographed. The amplifier 
was directly-coupled and there was a 20% fall in its response at a frequency of about 


15 ke/s with the input impedance presented by the sucrose-gap. The C potential was the — 
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main elevation of the compound action potential and was easily identified by its slow con- 
duction velocity (less than 1 m/sec at 35° C). The C potentials recorded were largo, sometimes 
nearly 20 mV. The stimuli used to excite the vagal C fibres were brief rectangular pulses of 
current about 0-5 msec in duration and were delivered from an RF stimulus isolation unit 
(Schmitt, 1948) to minimize the shock artifact. The conduction distance was about 6 mm. 

The Locke’s solution used to perfuse the nerve flowed at a rate of about 1-2 ml./min and 
its temperature was about 35° C near the point where the action potentials were recorded. 
The solution could be quickly replaced by a modified Locke’s solution containing the drug to 
be tested by switching a tap, hardly interrupting the perfusion and producing little or no — 
artifact. The effect of a rapidly acting drug such as acetylcholine appeared after an initial 
delay of about 20 sec, which represented the time taken to replace the Locke’s solution in 
the ‘dead space’ of the perfusion apparatus by the new solution. Usually, and if not other- 
wise stated, an exposure of 3 min was allowed before the effect of stimulation of the nerve 
was tested. 

The Locke’s solution used in the experiments was bubbled with oxygen and its com- 
position was (mm): NaCl, 158; KCI, 5-5; CaCl,, 2-2; dextrose, 5; sodium phosphate buffer, 1 
(appropriate amounts of Na,HPO, and NaH,PO, to bring the pH usually to about 7-0; 
in a few experiments the pH was brought to various values between 6-0 and 8-0). In some 
experiments phosphate concentrations up to 8 mm were used (the pH remaining constant 
at about 7-0) or the phosphate buffer was replaced by a bicarbonate—carbon-dioxide buffering 
system with 1-9 and 25 mm sodium bicarbonate equilibrated with a 5% CO,+95% O, gas 
mixture; these changes are indicated in the text. The pH of all solutions was regularly 
checked on a sensitive pH meter: 

The drugs used were acetylcholine chloride, methacholine chloride (acetyl-f-methyl- 
choline chloride), carbachol (carbamoyl-aminocholine chloride), bethanechol (8-methy]l- 
choline chloride urethane), arecoline chloride, pilocarpine nitrate, nicotine hydrogen 
tartrate, eserine (physostigmine) salicylate, prostigmine (neostigmine) bromide or methyl 
sulphate, di-iso- propyifluropliogphouste (DEF), tubocurarine chloride, hexamethonium 
chloride, atropine sulphate, tet ylay i chloride (TMA) and tetraethyl- 
ammonium chloride (TEA), 


RESULTS | 
Choline and its esters, TMA, nicotine, arecoline and pilocarpine 

Figure 1 shows the effect of various choline esters, of choline itself and 
of nicotine on the action potential of the non-myelinated nerve fibres. 
Of the choline esters studied, acetylcholine and carbachol were about 
equally effective in reducing the size of the spike, whereas methacholine 
_ and bethanechol were relatively ineffective; choline had a relatively weak 
action, as was described previously (Armett & Ritchie, 1960). The threshold 
concentration of carbachol required just to produce a fall in spike height 
was of the same order as that for acetylcholine, 3 x 10-53 x 10~* g/ml. 
Although methacholine had little or no effect on spike height it did 
occasionally enhance the positive after-potential, as is illustrated in 
Fig. 1b. Tetramethylammonium chloride (1}-5 mm) also reduced the 
action potential of the vagal C fibres. 

Of the alkaloids tested nicotine was the most potent in reducing the 
spike height. As is shown in Fig. le, a concentration of 0-6 mM was 
sufficient to produce a decrease of about 15%. Arecoline and pilocarpine 
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were effective, but only in larger concentrations. Thus, as is shown in 
Fig. 2, a concentration of arecoline 5-2 mm and of pilocarpine 3-7 mm 
caused smaller reductions than that of acetylcholine 1-7 mm. Arecoline, 
unlike pilocarpine, enhanced the positive after-potential. 

The effect of a given drug was not always compared with the response 
to acetylcholine in the same molar concentration. The probable response 
of the nerve to acetylcholine in the concentration at which the given drug 
was tested, however, could be predicted, since the logarithmic dose— 
response curve for acetylcholine was comparatively straight. In six experi- 
ments the effects of several concentrations of acetylcholine up to 50 mm 


_Fig. 1. Records of the compound action potential of a rabbit’s vagus nerve. In 
these and subsequent records the first, more rapid, deflexion is the A and B potentials 
of the myelinated fibres together with some stimulus artifact. The second and main 
deflexion is the C potential of the non-myelinated fibres. In each pair of records 
the left-hand record was taken before and the right-hand record was taken 3 min 
after exposure to the following drugs (as chlorides, except for nicotine hydrogen 
tartrate): a, acetylcholine, 3x 10-* g/ml. (1-7 mm); 6, methacholine, 10-* g/ml. 
(5-1 mM) ; ¢, carbachol, 3 x 10-* g/ml, (1-6 mm); d, bethanechol, 10-* g/ml. (5-0 mm) ; 
e, nicotine, 3x 10-* g/ml. (0-6 mm); f, choline, 17 mm. The drugs were tested - 
successively on the same preparation at intervals of about 20 min. The vertical 
bar represents 10 mV and the horizontal bar 400 msec. 
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were examined on the same preparation. A tenfold increase in acetyl- 
choline concentration resulted in a further reduction of 27-6 + 3-0 % (s.D.) 
of the spike height. 


Fig. 2. A comparison of the effects of acetylcholine, arecoline and pilocarpine on 
conduction in mammalian non-myelinated nerve fibres. Records a, c and e are 
records of the C potential of the rabbit’s vagal non-myelinated fibres taken with the 
desheathed nerve in Locke’s solution. The other records are the corresponding 
records taken 3 min after perfusing the preparation with: 6, acetylcholine, 3 x 
10-* g/ml. (1-7 mm); d, arecoline, 10-* g/ml. (5-2 mm); f, pilocarpine, 10-* g/ml. 
(3:7 mm). The vertical bar represents 10 mV and the horizontal bar represents | 
200 msec. 


Modification of the action of acetylcholine 

Anticholinesterases. In the absence of acetylcholine eserine, when 
tested in a concentration 10-°-3x10-°g/ml., and prostigmine, when 
tested in a concentration of 10-4-10-* g/ml., did not affect spike height. 
With DFP a slight reduction was obtained with a concentration of 
10-8 g/ml. but not with weaker concentrations. 

The anticholinesterases reversibly attenuated the action of acetyl- 
choline on the spike potential. Eserine had been investigated previously 
but for only one concentration of acetylcholine (Armett & Ritchie, 1960). 
The effect of eserine 3 x 10-* g/ml. on various concentrations of acetyl- 
choline is shown in Fig. 3. The line drawn through the solid points gives 
the dose-response curve of the effect of acetylcholine in reducing spike 
height in the absence of eserine; the crosses give the dose-response curve 
_in its presence. It can be seen that all concentrations of acetylcholine 
are affected by eserine and that the reduction in spike height produced by 
acetylcholine becomes small. When near-threshold concentrations of. 
acetylcholine were used, eserine often no longer antagonized the effect of 
acetylcholine but potentiated it. | 
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‘The effect of DFP in varying concentrations on the response to a 
constant concentration of acetylcholine (1-7 mm) is shown in Fig. 4: the 
effect .on the action potential obtained with acetylcholine in the presence 
of DFP is expressed as a percentage of the effect obtained in its absence. 
The open circles represent the results obtained on 3 min exposure to 
acetylcholine. It can be seen that the stronger concentrations of DFP 
attenuate the reduction produced by acetylcholine on the action potential, 
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_ Fig. 3. Reduction in amplitude of the compound action potential of the C fibres 
in a desheathed rabbit’s vagus nerve produced by 3 min exposures to acetylcholine 
in various concentrations in the absence (@) and in the presence (x ) of eserine 
3 x 10-* g/ml. (0-07 mm). The ordinate is the reduction in spike amplitude expressed 
as a percentage of the original spike amplitude. Semi-log scale. .. 


but that weak concentrations have the opposite effect. The potentiating 
effect was regularly obtained, but was particularly pronounced when 
near-threshold concentrations of acetylcholine were used. This is shown 
by the experiment of Fig. 5, where the reduction produced by acetylcholine 
alone was only about 10% as indicated by the horizontal line; but in the 
presence of weak concentrations of DFP the reduction increased more 
than threefold. 

Another method by which this sohadtinina effect became pronounced 
was by reducing the time of exposure to acetylcholine. In previous 
experiments (Armett & Ritchie, 1960) it was found that the intensity of 
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the effect of acetylcholine depended on the time of the nerve’s exposure 
to it; during the first minute after switching to perfusion with acetyl- 
choline the effect was often greater than after 3 min. The solid circles in 
Fig. 4 show the effect of DFP tested after }-1 min exposure to acety]l- 
choline, when the effect of acetylcholine appeared to be maximal. It will 
be seen that the potentiation by weak concentrations of DFP was more 
pronounced than when tested with 3 min exposures to acetylcholine. 
Prostigmine was investigated in relatively high concentrations. These 
reduced or abolished the effect of acetylcholine on spike potential. The 
result obtained with a concentration of 10-* g/ml. is illustrated in Fig. 6. 
_. Edrophonium, a drug which possesses some anticholinesterase activity, 
was as effective as prostigmine in reducing the effect of acetylcholine. 


120 


Spike height (% of fall in untreated nerve) 


10~4 10-3 
Concentration of DFP (g/ml.) 


Fig. 4. The effect of different concentrations of DFP on the action of acetylcholine 
on the non-myelinated nerve fibres of desheathed rabbit’s vagus nerves. Each 

- point gives the average of the responses to acetylcholine in about five experiments. 
The reduction in spike amplitude by acetylcholine in the presence of DFP is’ 
expressed as a percentage of the response to acetylcholine in the absence of DFP. 
The results were obtained from experiments on 22 different nerves. O = 3 min, 
@ = }-1 min exposures to acetylcholine (see text). In the absence of DFP the 
average falls in spike height with 3 min and with }-1 min exposures were 24-8 and 
26-1 respectively. Semi- log. scale. 
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The anticholinesterases had the same attenuating effect on the reduction 
of spike potential produced by carbachol as on that produced by acety]- 
choline. This is shown for prostigmine in Fig. 6. 

Antagonists of acetylcholine. Neither tubocurarine nor hexamethonium 
reduced spike height, even with long exposures (15-60 min) to concentra- 
tions of 10-* g/ml., whereas atropine in a concentration of 10-* g/ml. (but 
not in a concentration of 10-* g/ml.) reduced it slightly. All three sub- 
stances tested in a concentration of 10-* g/ml. reduced the action of 
acetylcholine (Fig. 7); sometimes they were effective in a concentration of 
10-4 g/ml. | 


40 


Fall in spike height (%) 


= 


10-6 10~* 10-3 

| Concentration of DFP (g/ml.) 
Fig. 5. The potentiating effect of DFP on the action of a weak concentration 
(10-* g/ml.) of acetylcholine. The ordinate is the percentage reduction in the 
amplitude of the action potential of the non-myelinated fibres in a desheathed 
rabbit’s vagus nerve in the presence of various concentrations of DFP. The 


horizontal broken line represents the response in the untreated nerve. Semi-log. 
scale. 


Tetraethylammonium chloride was tested in concentrations of 5 and 
15 mm: it also reduced the action of acetylcholine, but did not by itself 
affect spike amplitude. : 

Phosphate. Increasing the concentration of sodium phosphate in the 
Locke’s solution greatly reduced the effect of acetylcholine. In one 
experiment, for example, acetylcholine (1-7 mm), when tested in a phos- 
phate concentration of 1 mm, caused a reduction of spike height of 23 °% 
and a depolarization of 2-1 mV. When retested in a phosphate concentra- 
tion of 4mm the reduction amounted to only 12% of spike height and 
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the depolarization only 1 mV. Figure 8 shows that the reduction in spike 
height produced by a given concentration of acetylcholine (1-7 mM) was 
roughly proportional to the negative logarithm of the phosphate concen- 
tration of the medium. Glucose-6-phosphate and sodium pyrophosphate 
had the same effect as sodium phosphate, but glucose-1-phosphate had 
hardly any effect. 


Fig. 6. The effect of prostigmine on the action of acetylcholine and carbachol on 
the non-myelinated nerve fibres in a desheathed rabbit’s vagus nerve. The two 
records of the C potential in a show the responses of a nerve before, and those in b 
the two similar response after, the preparation has been exposed for 3 min to 
3x 10-4 g/ml. (1-7 mm) acetylcholine (upper record) and 3 x 10-‘ g/ml. (1-6 mm) 
carbachol (lower record). The records in c and d show the corresponding responses 
in the presence of prostigmine 10-* g/ml. (3-0 mm). The vertical bar represents 
10 mV and the horizontal bar 300 msec. 3 


Bicarbonate. The action of acetylcholine on the spike potential was also 
influenced by the bicarbonate content of phosphate-free Locke’s solution 


when the bicarbonate concentration was 1-9mm a 3 min exposure to 
acetylcholine 1-7 mm reduced the spike height by 20-30 % ; when retested 
in 25 mM bicarbonate, the reduction was 8-15 % of the spike height. 
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Fig. 7. The effect of tubocurarine, hexamethonium and atropine on the action of 
acetylcholine on the non-myelinated nerve fibres in desheathed rabbit’s vagus 
nerves. The pair of records of the C potential in a show the responses before (left- 
hand record) and after (right-hand record) a 3 min exposure of the preparation to 
acetylcholine 3 x 10-* g/ml. (1-7 mm). The records in b are a similar pair taken in the 
presence of tubocurarine 10-* g/ml. (1-4mm). The other records illustrate the 
corresponding effects of hexamethonium 10-‘ g/ml. (0-37 mm) (c and d) and of 


atropine 10-* g/ml. (0-14 mm) fe and f). The vertical bars represent 5 mV and the 
horizontal bar 250 msec. 
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Although changing the concentration of the bicarbonate necessarily 
changed the pH of the solution, the effect of bicarbonate seems unlikely 
to have been dependent on a change in pH, for when the pH was changed 
«by using different phosphate buffers (the total phosphate concentration 
being kept constant) increasing the pH did not produce - consistent 
reduction in the response to acetylcholine. 


Fall in spike height (9%) 


10 100 
concentration (mM) 


Fig. 8. The relationship between the action of acetylcholine and the phosphate . 
concentration in the bathing solution. The ordinate is the percentage reduction 
4 in the action potential of the non-myelinated fibres in a desheathed rabbit’s vagus 
nerve produced by a 3 min exposure to acetylcholine 3 x 10~* g/ml. The phosphate 
concentration has been plotted on a logarithmic scale. The reduction in phosphate- 
free Locke’s solution, not plotted in the figure, was about 36%. 


DISCUSSION 


4 The present experiments indicate the type of receptor which may be 
involved in the action of acetylcholine on mammalian non-myelinated 
fibres described previously (Armett & Ritchie, 1960). The action of acetyl- 
choline on spike height is shared by carbachol, by TMA and by nicotine, 
drugs which are known to have strong nicotinic actions, but to a lesser 
} extent or not at all by arecoline, pilocarpine, methacholine and bethanechol, 

all of which have strong muscarinic actions. It is therefore tempting to 
assume that the acetylcholine-sensitive receptors of the nerve fibres have 
common features with those receptors of other structures involved in the — 
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nicotinic actions of acetylcholine, such as those of autonomic ganglion 
cells or of the neuromuscular junction of skeletal muscle. This view is 
consistent with the finding that tubocurarine, hexamethonium and 
tetraethylammonium chloride, which are known to block the nicotinic 
actions of acetylcholine, also antagonize the action of acetylcholine on 
nerve fibres. The finding that atropine blocks the action of acetylcholine on 
C fibres is not incompatible with this view, because atropine in high 
concentration antagonizes nicotinic da ahaa of acetylcholine (see Good- 
man & Gilman, 1955). 

The present results on mammalian non-myelinated fibres differ from 
those obtained by Dettbarn (1960) in frog’s myelinated fibres. He found 
that tubocurarine as well as anticholinesterases blocked nerve conduction 
in concentrations smaller than those found to be ineffective on mammalian 
non-myelinated fibres in the present experiments. Dettbarn explained 


his results on the hypothesis that the production and hydrolysis of acetyl- — 
choline is essential to the conduction of the nerve impulse (see Nachman- 


sohn, 1959). It would be difficult to explain the results of the present 
experiments on this hypothesis. The demonstration that a large concentra- 
tion of acetylcholine affects the resting and action potentials is not by 
itself sufficient to prove that acetylcholine plays some physiological role 
in the conduction of the nerve impulse. The finding that the concentrations 
of anticholinesterases used in the present experiments did not affect con- 
duction in fact suggests the contrary, for they were certainly sufficient 
for at least partial penetration of the nerve, since they were able to 
antagonize the action of acetylcholine on these structures. A similar 
argument applies to the present results obtained with tubocurarine, 
hexamethonium and TEA, which did not affect the spike potential, but 
nevertheless blocked the action of applied acetylcholine. 

The anticholinesterases are unlikely to act by allowing excessive amounts 


of the applied acetylcholine to build up in the region of the receptors so-as - 


to render them refractory to acetylcholine, for they also block the action 
of carbachol, which is not hydrolysed by cholinesterase. The idea that the 
anticholinesterases allow the concentration of endogenous acetylcholine 
to rise to such an extent as competitively to inhibit the carbachol is not 
supported by the fact that the anticholinesterases did not by themselves 
affect spike height, as might have been expected if endogenous acetyl- 
choline were piling up. The action of anticholinesterases in inhibiting the 
effects of applied acetylcholine and carbachol on nerve fibres is most 
likely the same as the inhibitory action seen with high concentrations of 
anticholinesterases at motor end-plates and at sympathetic ganglia 
(Eccles & MacFarlane, 1949; Fatt, 1950; Paton & Perry, 1955; 
del Castillo & Katz, 1957). 
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The findings with the anticholinesterases, with the choline esters and 
with the antagonists of acetylcholine suggest that it may well be that 
the receptor mechanism so extensively studied at the end-plate and at 


+ ganglionic synapses is also present, perhaps in an attenuated form, in 


the membrane of nerve fibres; what its function there might be remains, 
however, an open question. There seems no reason to infer from the present 
experimental findings that it plays a role in conduction along the nerve 
membrane similar to its well established role in neuromuscular and 
synaptic transmission. 
SUMMARY 
1. Isolated preparations of non-myelinated fibres of the desheathed 


- rabbit’s vagus nerve were mounted in the sucrose-gap apparatus, and the 


effect of drugs on the action potential of the C fibres studied. 

2. Acetylcholine depolarizes the membrane and reduces the size of the 
spike potential. | 

3. The effects of sdetiioholine are shared by the nicotine-like compound 
carbachol, by TMA, and by nicotine itself. They are shared to only a small 
extent by arecoline and by pilocarpine, and not at all by methacholine and 
bethanechol, compounds which characteristically possess muscarine-like 
properties. 

4. The actions of acetylcholine and carbachol are inhibited by the 
anticholinesterases eserine (3 x 10-* g/ml.), prostigmine (10-*-10~* g/ml.) 
and DFP (10=5-10-3 g/ml.). 

5. Under certain conditions the actions of acetylcholine are potentiated 
by the anticholinesterases, namely when near-threshold concentrations 


of acetylcholine are used, or when weak concentrations of the anti- 


cholinesterase are used or when the time of exposure to acetylcholine is 
shortened. 

6. The action of etdtelaholine is reduced or abolished by tubocurarine, 
hexamethonium and atropine (10-*-10-* g/ml.). It was similarly reduced 
by tetraethylammonium chloride (5-15 mm). 

7. Increasing the phosphate or bicarbonate concentration of the Locke's 
solution reduces the action of acetylcholine. 
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INTEGRATIVE ACTION IN THE CAT’S LATERAL 
| GENICULATE BODY 
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(Received 3 October 1960) 


It has often been asked whether the lateral geniculate body contributes 
to the integration of incoming visual impulses or is a mere ‘way-station’ 
in the pathway from retina to cortex. While perhaps less complex than 
the retina or cortex, the geniculate is histologically far from the simple 
structure that the term ‘way-station’ would imply (O’Leary, 1940; Glees, 
1941). The presence of extensive dendritic arborizations, the profuse 
ramifications of incoming optic-tract fibres, and the existence of short- 
axon cells, all suggest that there may be something more than a 1:1 
transmission of impulses from optic nerve to optic radiations. 

The retinal region over which a cell in the visual system can be influenced 
(excited or inhibited) by light is called the receptive field of that cell. 
Largely through the work of Kuffler (1953), retinal ganglion cells in the 
cat are known to have a well defined, concentric, receptive field arrange- 


‘ment. Up to now receptive fields of cells in the dorsal lateral geniculate 


have received very little attention, although recent work (Hubel, 1960) has 
suggested that they too, are concentrically arranged. In the present work 
receptive fields in the optic tract and lateral geniculate body are com- 
pared. This provides a sensitive means of detecting and studying any 
modification of the visual input to the lateral geniculate. 


METHODS 


About 300 units were recorded in 20 micro-electrode penetrations through the geniculate. 
Fifteen cats were used. The animals were anaesthetized with thiopental sodium and through- 
out the experiment light anaesthesia was maintained and monitored by observing the 
électrocorticogram. The eyes were immobilized with continuously injected succinylcholine ; 
this made it necessary to use artificial respiration (Brown & Wiesel, 1959). 

Details of stimulating and recording procedures have been described elsewhere (Hubel, 
1960; Hubel & Wiesel, 1960). Receptive fields were mapped on sheets of paper attached 
to a screen which the cat faced from a distance of 1-5 m. Spots of light of maximum in- 
tensity 3-0 log,, cd/m* were shone on the screen and a light-adapted state was maintained 
by a uniform background luminance of up to 2-0 log,, cd/m*. Spot intensities were varied 
with neutral density filters and an iris diaphragm. 
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Tungsten micro-electrodes were used (Hubel, 1957). Amplifiers were condenser-coupled. 
Horsley-Clarke co-ordinates for the lateral geniculate body were taken from a stereotaxic 
atlas (Jasper & Ajmone-Marsan, 1954). Penetrations were made in a dorsoventral direction, 


and at one or more points in each penetration a 50-100 » diameter electrolytic lesion was — 


made (Hubel, 1960). A typical lesion is shown in Pl. 1. All brains were examined histo- 
logically in serial sections, and the location of any unit was determined either from the 
position of a lesion made during the recording, or by calculating the distance back from 
a lesion along an electrode track, by means of readings of the hydraulic micrometer drive 
corresponding to the unit and the lesion. Because of the necessity for allowing for shrinkage 
in calculating distances along tracks, recording sites determined directly from lesions were 
considered more reliable. For this reason multiple lesions were often made in single penetra- 
tions; for example, each time a new layer was entered, as judged by ocular dominance. The 
presence of several lesions in a track was also useful for estimating brain shrinkage. 


RESULTS 
Lateral geniculate receptive fields 

Arrangement of geniculate fields. Receptive fields were mapped for 
190 lateral geniculate units. 150 recordings were made within the nucleus; 
the remaining 40 were from geniculate axons encountered as the electrode 
was lowered through the optic radiations just above the geniculate. For 
comparison, 75 optic-tract fibres (retinal ganglion cell axons) were studied, 
within the geniculate body as well as in the optic tract proper. 

Criteria for distinguishing between recordings of optic-nerve fibres and 
geniculate cells have been dealt with in detail elsewhere (Hubel, 1960). 
Geniculate-cell records were recognized by the cell-type spikes and the 
characteristic ‘clustered’ pattern of firing. Optic-tract fibres showed 
axon-type spikes, which were never clustered. In two experiments these 
criteria were controlled by electrically stimulating the optic nerve near 
the chiasma; optic-nerve fibres could then be distinguished from geniculate 
units by their shorter latency and by their ability to follow stimulation at 
a more rapid rate (approximately 700/sec.). 

In their general arrangement geniculate receptive fields resembled those 
of retinal ganglion cells, having an excitatory (‘on’) centre and inhibitory 
(‘off’) periphery, or the reverse. ‘On’ and ‘off’ centre units seemed to be 
about equally common. Records from a typical ‘on’- centre cell are shown 
in Text-fig.1. In this unit there was summation of the centre-type 
‘on’-response within a central area about 2° in diameter (Text-fig. 1.4, B); 
inclusion of the region surrounding this centre led to a reduction in the 
response (Text-fig. 1C). When the peripheral part of the receptive field 
was stimulated ‘by itself the firing of the cell was suppressed, and an 
‘ off’-response followed the stimulus (Text-fig. 1D). 

Variations in geniculate receptive fields ; binocular considerations. In most 
penetrations the electrode advanced through the dorsal, middle, an: 
ventral layers of the geniculate (layers A, A,, and B) in sequence. A lesion 
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made at the end of a penetration is shown in Pl. 1. All cells in the dorsal 
and ventral layers were driven exclusively by the contralateral eye, those 
in the middle layer by the ipsilateral eye. An electrode advancing through 
a layer in a direction approximately normal to it encountered cells whose 
receptive fields had almost identical positions on the retina. Successively 


Text- fg. 1. Responses from an ‘on’-centre cell recorded in liooie A of the left lateral 
geniculate. Receptive field 25° to the left of and slightly above the area centralis 
of the right eye. A, B, and C, centred light spots 1°, 2° and 14° in diameter. D, 
annular stimulus with inner diameter 2° and outer diameter 14°. Upper line in 
each record indicates when the light i is on. Positive deflexions upward. Duration 
of stimulus in A, 1 sec. 


recorded units were seldom separated by more than one degree of are, and 
they generally overlapped or were superimposed. On passing into the . 
next layer one encountered cells with receptive fields in the exactly 
homologous position in the other eye (see Hubel & Wiesel, 1960, for 
projection technique for determining homologous retinal points). 
‘On’-centre and ‘off’-centre units were found-in all three layers. Cells 


~ recorded from the two dorsal layers (A and A,) had similar patterns of 
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firing, and showed no systematic differences in size or organization of their 
receptive fields. In layer B, however, receptive field centres were, on the 
average, several times larger than those in layers A and A,. Responses 
from this layer were more sluggish, with longer latencies and lower fre- 
quencies of firing. Anatomical differences between layer B and the two 
dorsal layers are discussed by O’Leary (1940) and Hayhow (1958). 

Receptive field centres situated in or near the area centralis tended 
to be smaller than those in the retinal periphery. Furthermore, the sup- 
pression of a centre response on including the receptive field periphery 
(peripheral suppression) was more marked for cells near the area centralis. 
The tendency for area centralis units to have smaller field centres and to 
exhibit more suppression by the receptive field periphery has already been 
noted for retinal ganglion cells (Wiesel, 1960). 

In some cells the antagonism exerted by the receptive field periphery on 
the centre was so great that a spot completely covering both portions, even 
if very bright, evoked no response at all. Using diffuse light exclusively, 
one might have been led to conclude that some geniculate units were 


unresponsive to light. On the contrary, all the geniculate cells in this — 


series responded to a small spot appropriately placed. So far we have no 
evidence that there are nerve cells unresponsive to visual stimulation, either 
in the optic nerve, the lateral geniculate body, or in the striate cortex. 

Attempts were made for each unit to determine whether firing was 
influenced from only one eye or from both eyes. After finding which eye 
projected to a cell, and outlining its receptive field, we explored the other 
eye carefully with small spots, concentrating especially on the region 
homologous to that-containing the already mapped receptive field. How- 
ever, no responses could be evoked; neither was there any effect on 
responses from the other eye. Between layers some cells were driven 
ipsilaterally and others contralaterally, and on several occasions two units 
were recorded simultaneously, one driven exclusively from one eye, and one 
exclusively from the other. Thus binocular interaction was not observed 
in any of the cells studied. | 

Hayhow (1958), using silver-impregnation methods on degenerating 
fibres, has shown that only the interlaminar regions of the lateral geniculate 
body receive fibre terminations from the two eyes. These are therefore 
the regions where one might expect to find binocularly influenced cells. 
In the cat single units driven by the two eyes have been reported by 
Erulkar & Fillenz (1958, 1960) and by Bishop, Burke & Davis (1959), but 
the exact position of these cells within the geniculate was not determined 
histologically. Our results suggest that even in the interlaminar regions not 
all cells are binocularly influenced. We conclude that binocular interaction 
in the lateral geniculate body as a whole must be relatively unimportant. 
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Comparison of retinal ganglion cell and geniculate cell receptive fields 
Simultaneously recorded geniculate cells and optic-tract fibres. Optic-tract 


fibres and geniculate cells were often recorded simultaneously with the 


same electrode. Twenty-five pairs of units of this type were studied; in 
all these the two receptive fields either overlapped or were closely adjacent, 
with less than 1° separation. Responses from an ‘on’-centre optic-tract 
fibre and an ‘off’-centre geniculate cell are shown in Text-fig. 2. The two 


Text-fig. 2. Responses from an ‘on’-centre optic-tract fibre (small positive spikes), 
and an ‘off’-centre lateral geniculate cell (large positive-negative spikes). Cell 
situated in layer A, of the right lateral geniculate body; receptive field 24° above 
and to the right of the area centralis of the righteye. A, B, and C, centred light spots 
1°, 2° and 8° in diameter. D, annular stimulus with inner diameter 2° and outer 
diameter 8°. Duration of first stimulus, 1 sec. 


Teceptive fields were almost superimposed and had centres of about 1° 


diameter. A spot covering both centres gave strong responses from both 
units (Text-fig. 2A). An increase in spot size to 2° made little change in the 
response from the optic-tract fibre, but the ‘off’ response from the genicu- 
late cell was much reduced (Text-fig. 2B). A further increase, to 8°, 
caused a definite reduction in the tract-fibre response; the ‘off’ discharge 


from the cell was now almost completely abolished (Text-fig. 2C). En- 


larging the spot beyond 8° had no further effect on either response. An 
annulus, as might be expected, evoked peripheral responses from both 
units, ‘on’ for the cell, ‘off’ for the fibre (Text-fig. 2D). 

These two units illustrate a finding common to all simultaneous 
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recordings of geniculate cells and optic-tract fibres, that the degree of 
suppression of centre responses on whole-field illumination appeared to 
be greater for geniculate cells than for optic-tract fibres. This observation 
was verified by comparing thresholds for different areas of stimulation. 
The difference in threshold between a geniculate cell and an optic-nerve fibre 
was very much less for small spots than for large ones.(see also Text-fig. 5). 
Indeed, with the stimulus intensities available some geniculate cells could 
not be activated at all with large spots. 

Optic-tract synaptic potentials. In a number of recordings the great 
majority of geniculate spikes were immediately preceded by potentials 
which, by criteria given above (p. 386), were related to impulses in 
an optic-tract fibre. This suggested that the optic-tract fibre was an 
excitatory input to the geniculate cell. In Text-fig. 3.4, several optic- 
tract potentials are superimposed in a single frame by triggering the 
oscilloscope sweep by the potentials themselves. The slow time course 
of the potentials is discussed below. Geniculate spikes accompanied 
three of these potentials, and appear on the rising phase, on the peak, 
and on the falling phase. Thus the time elapsing between the optic-tract 
potential and the cell spike was, for a given pair of units, variable from 
one pair of impulses to the next. The generation of a spike on the falling 
phase was seen many times, often after an even greater time interval than 
the longest in this example (see Freygang, 1958). In an occasional geniculate 
spike no optic-tract potential could be discerned; presumably either the 
time interval of separation was too short to allow the two events to be 
distinguished, or the geniculate cell could at times fire in the absence of 
a preceding impulse in the tract fibre. In a few units there were several 
distinct sizes of optic-tract potentials, suggesting for these units the 
convergence of a number of excitatory tract fibres on a single cell. 

An interesting though not easily interpreted aspect of these records 
concerns the sequence of events that occurred as the electrode was 
advanced. The cell spike showed the usual change from an initially negative 
to an initially positive shape, finally becoming predominantly positive 
and often large (up to 20-30 mV) (see Hubel, 1960). The optic tract fibre 
impulse was first seen as a very small, brief, positive spike. This increased 
in amplitude as the electrode moved forward, at the same time becoming 
much longer in duration, so that in its final form it had an abrupt rising 
phase of less than 1 msec and a prolonged falling phase lasting up to 8 
or 10 msec. The forms of the cell spike and the optic tract fibre potential 


are shown in Text-fig. 3B. Here a second afferent impulse arising in the 


falling phase of the first was successful in triggering the geniculate-cell 


spike, presumably owing to summation. Many similar examples of sum- 
mation were observed. | 
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Since no resting potentials could be measured with the metal electrode 
used, it was assumed that the electrode tips were extracellular. Freygang 
(1958) and Bishop, Burke & Davis (1958), on stimulating the severed 
optic nerve electrically, have recorded similar slow potentials extra- 
cellularly from lateral geniculate cells. Freygang has interpreted these 
potentials as resulting from extracellular current flow related to the 
post-synaptic potentials. It should be emphasized, however, that the 
main conclusions of this section depend only on the assumption that 


| 


Text-fig. 3. A, several superimposed sweeps showing optic-tract synaptic poten- 
tials, three of which give rise to geniculate spikes ; sweeps are triggered by potentials ; 
time marker, 1 msec. B, two optic-tract synaptic potentials, giving rise to a single 
geniculate cell spike. Time marker, 5 msec. Position deflexions upward. Time 
constant, 1 sec. | 


each of the small potentials was related to an impulse in an optic-nerve 
fibre, whether recorded pre- or post-synaptically. For the purposes 
of this paper we shall refer to these potentials as ‘optic-tract synaptic 
potentials’. 

Fifteen recordings were made of geniculate cells in which the spikes 
were immediately preceded by optic-tract synaptic potentials of the type 


described above. The receptive fields of a geniculate cell and its associated 


optic-tract fibre were concentric, of about the same size and of the same 
type, both ‘on’ centre or both ‘off’ centre. Text-figure 4 shows the re- 
sponses of an ‘on’ centre pair. A small (1°) low-intensity spot covering 
the centre of both receptive fields evoked a burst of optic-tract synaptic 
potentials, and many of these were followed by a geniculate-cell spike. 


_ A larger spot evoked no geniculate impulses, but only synaptic potentials 


at a lower frequency. If the intensity of the larger spot was now increased 
(Text-fig. 4B) the rate of the synaptic potentials could be made at least 
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as great as in Text-fig. 4.4, but even then no geniculate-cell spikes were 
evoked. Thus the failure of geniculate-cell discharges was certainly not 
due to decreased input from the particular excitatory fibre recorded here. 
The recorded optic-tract synaptic potential very likely represented an 
important excitatory input; its failure to generate geniculate-cell spikes 


Text- 4. of a geniculate cell and associated optic-tract synaptic 

_ potentials to centred spots of light. A, 1° spot. B, 10° spot with brightness in- 
creased so as to make frequency of optic-tract synaptic potentials about equal 
to that in A. Time constant, 5 msec. Time marker, 10 msec. 
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Text-fig. 5. Thresholds of an ‘ off’-centre geniculate cell (©) and an associated optic- 
tract synaptic potential (x), measured for various spot diameters. Ordinate, 
threshold luminance; relative log. scale, 0 corresponding to screen luminance of 
—2-7 log. ed/m*. Abscissa, spot diameter in degrees. Background luminance 
— 2-5 log. cd/m*; stimulus duration 1 sec. 


when a large spot was used may have been due to a decrease in other 
excitatory inputs not seen here, or to a direct inhibition at the geniculate 
level. 

‘Response characteristics of a geniculate cell and its associated optic- 
tract synaptic potential were further compared by plotting, for each unit, 
the threshold intensity of a centred stimulating spot against spot diameter 
(see Barlow, FitzHugh & Kuffler, 1957). Such a pair of curves is shown in 
Text-fig. 5. Thresholds decreased with increasing spot size, up to a 
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diameter of about 1°, indicating summation of centre-type responses for 
both units over this area. With stimuli at or near threshold and confined 
to this central region, almost every optic-tract synaptic potential was 
followed by a geniculate spike, and thresholds for the two units were 
consequently identical. Spots larger than the receptive-field centres invaded 
the antagonistic peripheral portions, and the thresholds rose. The rise was 
much more pronounced for the geniculate cell than for the fibre, indicating 
once more, as in Text-fig. 4, that peripheral antagonism is more pronounced 
at the geniculate level than in the retina. These findings of an increased 
veripheral suppression at the geniculate level make it difficult to avoid the 
conclusion that there are multiple inputs to a geniculate cell. 


Clustered firing patterns 


Under sdrtain conditions lateral geniculate cells fire in high-frequency 
clusters of 2-8 or more spikes. In a previous study (Hubel, 1960) clustered 
firing was observed in the unrestrained animal during natural sleep but 
not in the waking state. During sleep the clusters were accentuated by 
stimuli that tended to suppress firing and were abolished by stimuli that 
activated the unit. It seemed clear that clustered firing was not related 
to injury of the cell, since it could be eliminated by arousing the animal, 
and since it was seen at every stage as the electrode was advanced during 
a recording. Moreover, it was observed both in geniculate cells and in 
optic-radiation fibres. 

In the present work clustered firing was observed with thiopental 
anaesthesia in the great majority of geniculate cells and was most pro- 
nounced in moderate or deep anaesthesia, as judged by the electrocortico- 


gram. This type of firing was found in all three layers of the geniculate. 


When clusters were rare or absent they could generally be brought on by 
a small additional intravenous injection of thiopental (3-5 mg/kg). Their 
appearance was probably not due to a direct action of anaesthetic on the 
geniculate-cell membrane, since clusters also occur in natural sleep. 

It is unlikely that the individual spikes of a cluster could each be 
triggered by impulses in a single optic-tract fibre, since clustered firing 
does not normally occur in retinal ganglion cells. Records of geniculate- 
cell spikes preceded by optic-tract synaptic potentials tended to support 
this. In Text-fig. 6 three clusters and a single spike are shown from a 
geniculate cell. An optic-tract synaptic potential preceded three of the 
four discharges, but none was seen before spikes other than the first in a 
cluster. Similar observations made in other units led to the impression 
that an entire cluster could be initiated by a single optic-tract synaptic 
potential. The presence of occasional clusters with no preceding optic-tract 
synaptic potentials suggested, as in the case of single spikes, that other 
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inputs might contribute to this type of firing. However, as with single 
spikes, it is possible that a synaptic potential might be undetected owing 
to a short time interval between it and the first geniculate spike. 


Text-fig. 6. Records of four randomly occurring discharges of a geniculate cell. 
Optic-tract synaptic potentials are seen preceding three of the discharges. Note 


clustered firing in three of the examples. Time constant, 5 msec. Time marker, 
10 msec. 


DISCUSSION 


In combination with previous work in the retina and striate cortex, the 
present study makes it possible to compare receptive fields at three 
successive levels in the cat’s visual system. Certain similarities are at 
once evident. At each stage receptive fields can be divided into excitatory 


and inhibitory (‘on’ and ‘off’) regions. Summation of responses occurs © 


over regions of the same type, and antagonism between areas of opposite 
type. Diffuse light always leads to a response weaker than that obtainable 
from a suitably chosen restricted stimulus. These similarities hold for 
simple cortical receptive fields (Hubel & Wiesel, 1959), but not necessarily 
for more complex ones (Hubel & Wiesel, unpublished). 

In the spatial arrangement of its receptive fields the lateral geniculate 
body clearly has more in common with retinal ganglion cells than with the 
striate cortex. In both retina and geniculate body the receptive fields 
are concentric, with an ‘on’ centre surrounded by an ‘off’ periphery, or 
the reverse. In the cortex, on the other hand, there is a much greater 
variety of receptive fields, and no types so far studied have the concentric, 
circularly symmetrical pattern found at lower levels. This marked increase 
in receptive field complexity is undoubtedly related to the greater variety 
of cell types and interconnexions in the cortex. Furthermore, binocular 
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interaction would seem to be minimal at the lateral geniculate level, 
whereas the majority of striate cortical cells we have studied were in- 
fluenced by both eyes (Hubel & Wiesel, unpublished). | 

The differences between retinal and geniculate receptive fields are more — 
subtle. They may be seen when centre—periphery interaction is compared 
in simultaneous recordings of a geniculate cell and an optic tract fibre 
with closely adjacent receptive fields. One then finds that geniculate cells 
are less responsive to diffuse light than retinal ganglion cells. This can be 
interpreted as an increased antagonistic action of the receptive field 
periphery on the centre. Previous studies indicate that in the striate 
cortex the process is carried still further, and that with diffuse-light 
stimuli cortical cells are even less responsive than cells of the geniculate 
body. For example, in the striate cortical projection area for central 
vision most cells seem to lack clear responses to diffuse illumination regard- 
less of stimulus intensity. Thus at progressively higher levels in the visual 
system cells become less-and less concerned with registering changes in 
total illumination. 

The lateral geniculate body’s ability to modify incoming signals was 
studied more directly in records showing both geniculate-cell spikes and 
optic-tract synaptic potentials. Here the two units were not as randomly 
picked, since one was an excitatory input to the other, and, under the 
right conditions was apparently able to trigger it. However, the geniculate 
cell’s output was not simply a slavish copy of the optic-tract impulses: 
it was also influenced by other inputs which for some reason were not 
recorded. The changes introduced by the lateral geniculate were syste- 
matic, leading to a relative ineffectiveness of the optic-tract fibres when 
the receptive field periphery was included in the stimulus. A simple 
interpretation of this is to assume that the inclusion of the receptive field 
periphery evoked responses from optic-tract fibres with direct inhibitory 


‘ endings on the geniculate cell. These would be ‘on’- centre units if the 


geniculate cell was ‘on’-centre in type, and ‘off’-centre if the geniculate 
cell was ‘off’-centre. One could equally well imagine that inclusion of 
the field periphery affected ganglion cells making excitatory synaptic 
contact with the geniculate cell. These would be ‘off’-centre units if the 


geniculate. cell was ‘on-’centre, and conversely. Both mechanisms are 


plausible, since within the retinal area occupied by a geniculate cell’s 
receptive field there are hundreds of ganglion cells with overlapping re- 
ceptive fields of both types, ‘on’- centre and ‘off’-centre. Any of these 
ganglion cells could end on the geniculate cell, exciting or inhibiting it 
directly, or possibly indirectly by short-axon cells. Intracellular recording 
with micropipette electrodes may help to decide between the several 
alternatives. | 


| 

«>, P 

| 

| 

4 

| 


396 D. H. HUBEL AND T.N. WIESEL 


The mechanisms demonstrated, leading to an increased selectivity in the 
responsiveness of a geniculate cell, almost certainly do not represent the 
only type of integration occurring in this structure, For example, some 
records showed several distinct sizes of optic-tract synaptic potentials, 
indicating probable convergence of several excitatory fibres on a single 
geniculate cell. This is consistent with Freygang’s (1958) finding of a non- 
continuous gradation of synaptic potentials evoked in response to electrical 
stimulation of the optic nerve, from which he concluded that there were 
several fibres supplying the cells he studied. As a second example, the 
firing of geniculate cells can be influenced simply by changing the un- 
anaesthetized animal’s state of arousal (Hubel, 1960), which suggests that 
there are probably other fibres ending on geniculate cells besides those of 
the optic tract. 


SUMMARY 


1. Cells were recorded with tungsten electrodes in the dorsal lateral 
geniculate body of the cat. Receptive fields of these units were mapped 
out, in the light-adapted state, with small spots of light. In their general 
arrangement geniculate receptive fields resembled those of retinal ganglion 
cells, having an excitatory (‘on’) centre and inhibitory (‘off’) periphery, 
or the reverse. The two portions of a receptive field were mutually antago- 
nistic; the decrease in centre responses caused by inclusion of peripheral 
portions of receptive fields was termed peripheral suppression. 

2. Cells recorded in layers A and B of the lateral geniculate body were 


driven from the contralateral eye; cells in layer A, from the ipsilateral eye. 


In penetrations normal to the layers receptive fields of cells in a single 
layer were close together or superimposed, and from one layer to the next 
occupied exactly homologous positions in the two retinas. Binocular 
interaction was not observed in any of the cells studied. 

3. All three layers of the lateral geniculate contained both ‘on’-centre 
and ‘off’-centre units. Cells in layers A and A, were similar both in their 
firing patterns and in average receptive field size. Cells in layer B were 
more sluggish in their responses to light stimuli, and tended to have larger 
receptive field centres. 

4. Cells with receptive fields within or near the area centralis tended to 
have smaller field centres and stronger suppression by the receptive field 


periphery than cells with their fields situated in more peripheral regions 


of the retina. 

5. In some recordings almost all cell spikes were immediately 
preceded by potentials related to impulses in a single optic-tract fibre, 
suggesting that the optic-tract fibre was an excitatory input to the genicu- 
late cell. The long duration of these potentials, the presence of summation, 
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and their apparent ability to trigger the geniculate cell, suggested that 
they were of synaptic origin. They were termed ‘optic-tract synaptic 


. potentials’. 


6. In simultaneous records of geniculate cells and optic-tract fibres, and 
in particular in records showing optic-tract synaptic potentials, an increase 
in peripheral suppression at the geniculate level could be demonstrated 
(a) by comparing responses of the two units to small and large spots, and 
(b) by measuring threshold intensities of the two units at different spot 
diameters. These comparisons made it clear that the geniculate cell and 
the optic-tract fibre were not related in a strictly one-to-one manner, and 
that integration leading to increased peripheral suppression occurred at 
the geniculate level. 

7. Clustered firing in the form of brief bursts of spikes at high frequency, 
previously described in natural sleep, was observed under thiopental 


_ anaesthesia. From simultaneous records it appeared that a single impulse 


in an optic-tract fibre could give rise to a cluster of impulses in a geniculate 
cell. 
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Jane Chen and Miss Jaye Robinson for their technical assistance. The work was supported 
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EXPLANATION OF PLATE 
PLATE 
Coronal section (celloidin, cresyl violet stain) through left lateral geniculate body, Miiine 
a lesion at the ventral border of layer B, made at the end of a vertical micro-electrode 
penetration. Receptive fields encountered during this penetration were situated in the right 
visual field close to the horizontal meridian, 23° to the right of the centre of gaze. A, low 
power, scale 1 mm; B, outlined portion of A, high power, scale 0-1 mm. 
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THE LOCALIZED ACTION OF ‘END-PLATE DRUGS’ IN 
THE TWITCH FIBRES OF THE FROG 


By B. KATZ anp R. MILEDI 
From the Department of Biophysics, University College London 


(Received 28 October 1960) 


- It has been known since Langley’s (1907) work that the end-plate 
region of skeletal muscle fibres possesses a much greater sensitivity to 
certain chemical stimulants (e.g. nicotine, acetylcholine) than the rest of 
the muscle fibre. This finding has been confirmed by many workers using 
various methods of drug application (e.g. Buchthal & Lindhard, 1937; 
Kuffler, 1943; Fatt, 1950; Burns & Paton, 1951; Nastuk, 1951, 1953; del 
Castillo & Katz, 1955). The most widely accepted view is that the surface © 
membrane of the muscle fibre contains specific chemo-receptor molecules 
which are concentrated in the immediate neighbourhood of the motor 
nerve endings, and whose surface density diminishes rapidly away from 
the myoneural junction. 

There are several instances in which the situation appears to be different: 
one is chronically denervated muscle in which the chemical sensitivity 
has been shown to spread gradually over the whole fibre surface (Axelsson & 
Thesleff, 1959; Miledi, 1960a). Similarly foetal muscle has been found to 
respond to application of acetylcholine (ACh) at all points (Diamond & 
Miledi, 1959). Another instance concerns the ‘slow-fibre’ system of the 
frog, in which the sensitivity to ACh is general rather than localized; but 
in this case the spatial spread of receptors is presumably related to the 
scattered innervation of individual slow muscle fibres. 

In normal ‘twitch fibres’, e.g. of the sartorius muscle of the frog, the 
gradient of sensitivity between end-plate region and the rest of the fibre 
is very steep: thus, by exploring the fibre surface with a micro-pipette, 
Miledi (19604, 6) observed that the ACh sensitivity fell to 1/10,000 within 
less than 1 mm from the centre of a myoneural junction. 

While a selective action of ACh (and its analogues) on the motor end- 
plate has been affirmed by most workers, it has been questioned in two 
recent papers by Ochs & Mukherjee (1959) and Ochs, Annis & Mukherjee 
(1960), who state that substances like ACh, choline, tubocurarine and 
succinylcholine have a direct effect on the muscle fibre generally and, 
under their experimental conditions, do not produce selective effects on 
the end-plate zone. In an attempt to resolve the discrepancy between 
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these reports and those of other investigators, we have tried to repeat the 
experiments of Ochs et al. but we were quite unable to confirm the results 
on which their conclusions are based. The observations described here 
provide additional evidence for the differential sensitivity of the end-plate 
region, and for the smallness, or absence, of a direct action of substances 
like succinylcholine and ACh on the nerve-free end of the muscle fibre. 


METHODS 


The experiments were made on isolated sartorius muscles or sciatic—-sartorius preparations 
of Rana temporaria at about 20° C. The composition of the Ringer’s solution was usually 
(mm) NaCl 115-6, KCl 2-0, CaCl, 1-8. The drugs used were acetylcholine chloride (ACh), 
suxamethonium chloride (succinylcholine; Succ), neostigmine methylsulphate (prostigmine) 
and eserine sulphate. Drug concentrations are given as weight of salt per volume of solution. 


Procedures 


Direct and indirect stimulation, and recording of muscle spikes (external) and of twitch 


tension. The preparation was mounted in a vertical muscle holder on a multi-electrode 
assembly of the type described by Hill (1949). The tibial tendon was connected to a mechano- 
electric RCA transducer, for recording twitch tension via a DC amplifier on one beam of 
the oscilloscope. The initial tension was approximately 2-3 g. The electrodes consisted of 
1 mm wide flattened platinum wires embedded in a Perspex block, about 3 mm apart and 
flush with the face of the block. Each wire had a separate terminal so that several combina- 
tions of stimulating and recording leads could be chosen. Single shocks (usually 0-2—0-5 msec 
pulses applied directly or through an isolating transformer) were delivered either through 
@ pair of electrodes to the lower, pelvic, end of the muscle, or through a separate pair of 
wires to the sciatic nerve, or simultaneously to several points along the muscle by joining 
alternate electrodes in the way described by Hill (1949). In the latter case, twitch tension 
alone could be recorded, while with the former two arrangements, some of the ‘free’ elec- 
trodes could be used for recording diphasic action potentials. This was done either by 
connecting the second recording channel to a pair of wires situated on the pelvic or tibial 
portion, or by recording from two joined pairs of electrodes, one on the pelvic, the other on 
the tibial half of the muscle (see diagram in Fig. 1; cf. Schmitt, 1939). This procedure was 
useful in enabling one not only to measure changes in the amplitude at one point, but also 
to determine conduction velocity, and to locate the regions along the muscle at which 
depression or blockage of the spike occurred. The muscle was kept immersed in the solution 
except during tests, when the fluid was transferred to a communicating vessel. 

External measurements of DC potential changes. To measure depolarization produced by 
succinylcholine and ACh several methods were employed. The most convenient technique 
for the present purpose was that described by Fatt (1950). The sartorius was mounted 
vertically, tibial end up, and two Ag/AgCl electrodes were connected via Ringer-agar-filled 
capillaries to the two ends of the muscle. The level of the Ringer’s solution in the bath 
formed a movable, lower recording lead, while the tibial end of the muscle, in air, served as 
a fixed reference lead. Drug solutions were introduced into the muscle chamber from below, 
and the fluid level was raised as required. In this way successive portions of the muscle 
could be tested, starting with the pelvic end and then approaching the neural zones. Potential 
differences between the two electrodes were measured directly, to the nearest 0-1 mV, by 
short-circuiting the input of the DC amplifier and cancelling the resulting deflexion by 
means of a decade-box potentiometer. 

Intracellular measurements of membrane potential. In several experiments membrane 
potentials of sartorius muscle fibres were measured, at the end-plate region and at the 


| 
4 
| 
3 | 


= 


ACTION OF END-PLATE DRUGS 401 


pelvic end. The recording technique was that described by Nastuk & Hodgkin (1950). 
End-plate positions were located by the presence of miniature end-plate potentials 
(m.e.p.p.8). In some cases membrane potentials were recorded simultaneously at the 
myoneural junction and near the pelvic end of a fibre; a separate current-passing electrode 
was then inserted to elicit electrotonic potentials and ensure that both recording electrodes 
were in the same fibre. 


To RCA transducer 


Bath solution 


Fig. 1. Diagram illustrating multi-electrode assembly with sartorius muscle. 
For stimulation and recording, level of the solution in the bath (which was con- 
nected to electrode 1) was lowered to the pelvic tendon. 1 and 2: direct-stimulating 
leads. 3-6: two pairs of electrodes. 


Localized application of drugs: In conjunction with intracellular recording two types of 
drug application were made. With the first method the muscle chamber was ‘perfused’ 
with the drug solution, running it in at one end and withdrawing it by suction from the 
other. With the second method a small pipette of about 50y orifice was filled with the 
required solution and brought close to the surface of the selected fibre. The drug solution 
which escaped from the pipette was removed by a steady stream of Ringer’s solution flowing 
through the chamber, and could only produce a very localized effect in the immediate 
Vicinity of the pipette. 


RESULTS 


Depression of the muscle twitch by succinylcholine 
Ochs et al. (1960) have reported that succinylcholine produces a striking 
and maintained reduction in the maximum twitch response of a directly 


stimulated frog sartorius. With a concentration of 5x 10-* the effect 
26 PHYSIO, CLV 
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developed within 10 min, whereas it took about 3 min with a larger dose 
(2x 10-5), Previously it was well known that succinylcholine and related 
substances produce a maintained block of neuromuscular transmission and 
that, during the transient period of end-plate depolarization, conduction 
of the direct muscle impulse may be blocked at the myoneural junction. 
But the conclusion that succinylcholine has a direct and generalized effect 
on the muscle twitch was new and unexpected. 

In the present experiments succinylcholine (Succ) in concentrations 
from 5 x 10-* to 10-* (usually 2 x 10-* and 10-*) was applied to the frog’s 
sartorius for about 30 min. The results obtained in nine preparations are 
illustrated in Figs. 2-6. A maintained diminution of the twitch, of the 
kind reported by Ochs e¢ al. (1960), was observed only when the muscle 
was excited through its nerve or its intramuscular nerve branches (Figs. 5 
and 6). When the muscle response was tested with a maximal direct 
stimulus, there was a transient drop of tension of variable amplitude 
(between less than 1/10 in Succ 2x 10-* and more than 2/3 in 10-*), 
followed by ‘spontaneous’ recovery with the muscle remaining in the same 
drug solution (Figs. 3-6). The initial fall is satisfactorily explained by 
conduction block at the depolarized end-plates (Figs. 7 and 8; cf. Burns & 
Paton, 1951; Eccles, Katz & Kuffler, 1942), and the subsequent recovery 
by the ‘spontaneous repolarization’ (desensitization) of the end plates 
(Fig. 7, cf. Thesleff, 19552). 

In addition, the following observations may be mentioned. When the 


- diphasic action potentials were recorded from both pelvic and tibial parts 


of the muscle, in response to stimulation at its pelvic end, it was found 
that the ‘tibial’ spike (which had to pass through at least two end-plate 
zones on each fibre before reaching the recording electrode) suffered a 
transient depression or abolition in Succ 10-4, and the time course of this 


Legends to Figs. 2 and 3 : 

Fig. 2. Records of action potentials (upper trace) and contraction (lower trace) 
with the arrangement shown in Fig. 1. Distance of electrodes (centre of wire) 
from pelvic tendon (mm): 1, zero (in bath); 2, 4; 3, 8; 4, 11-5; 5, 26-5; 6, 30-5. 
At the beginning of the trace, a weak shock was applied stimulating a small group 
of muscle fibres. a, in normal Ringer’s solution; b-e, recorded after 2, 5, 7 and 
15 min immersion in Succ 10~‘. The first spike arises at the pelvic, the delayed spike 
at the tibial pair of leads. In b conduction was blocked between pelvic and tibial 
leads; it recovered in c-e. 


Fig. 3. Action potentials and twitches, recorded from a 7-day denervated sartorius. 
Arrangement as in Fig. 1, except that the distances from the pelvic tendon of elec- 
trodes J-4 were larger than in the other experiments. Electrode 7, 4mm from 
pelvic end; 2, 8; 3, 11-5; 4, 15:5; 5, 26-5; 6, 30°5mm. A: in normal Ringer’s 
solution. B and C: after 2 min and 10 min immersion in Succ 10~*. Conduction 
is blocked in the region of the pelvic leads in B, but has recovered in C. 
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effect was approximately the same as that of the changes in muscle 
tension (Fig. 4). The ‘pelvic’ spike, which was recorded usually on the 
‘near-side’ of the first end-plate region, showed only a slight reduction 
(e.g. by 20% as against 90%, with Suce 10-*), which was probably due 
mainly to the electrotonic spread from the depolarized end-plate region 
nearby (cf. Fig. 8). The results were consistent in all nine preparations, 
including one experiment made on a 7-day denervated sartorius. 


Succ 10~* 


Twitch tension 


h tension (g) 


Twitc 
oO 


Spike (mV) 


Time (min) 


Fig. 4. Effect of succinylcholine (10-*) on, twitch tension and amplitude of ‘tibial’ 
spike. During the immersion in the drug solution, the responses recovered in 


When the muscle was stimulated at several points simultaneously, by 
means of the multi-electrode assembly, the transient tension fall was less 
marked (see Fig. 6, ‘/’ curves), as would indeed be expected if the effect 
arose from local blockage at the myoneural junctions. Figure 6 illustrates 
another aspect: with each concentration of succinylcholine two curves 
were obtained, by using two intensities of the stimulus. The lower curve 


shows the results obtained with a relatively weak short shock which was — 


nearly maximal for the intramuscular nerve branches, but barely liminal 


for direct stimulation. The indirect nature of the response was apparent — 


from the large step-wise increase in tension, bringing in ‘motor-units’, as 
the stimulus strength was raised gradually above threshold. Curves ‘M’ 
were obtained with a ten times greater shock intensity, which gave a 
near-maximal direct twitch. Application of succinylcholine caused a main- 


tained failure of the ‘N’ response, but only a small transient dip in the © 


*‘M’ curve. 


The behaviour of the ‘N’ curves agrees rather well with what Ochs et al. (1960) described 
for a supposedly directly-evoked contraction. This prompts the question whether the 
muscle responses in their experiments were really maximal and direct, as they claim, 


though admittedly in some experiments, for instance, the one in which they used curare, 
this was evidently the case. 
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If the sciatic nerve was stimulated, the twitch response failed in a way 


similar to the “N curves’ in Fig. 6. In some preparations, Succ 10-5 was 
sufficient to produce a complete neuromuscular block, leaving a local €.p.p. 
only ; in other preparations more than twice this concentration was needed. 


Fig. 5. Effect of succinylcholine (10-*) on indirectly and directly excited muscle 
twitch. The muscle was stimulated by multiple electrodes with shocks of two 
intensities, a relatively weak shock, sufficient to bring in the intramuscular nerves 
(‘N’), and a maximal direct shock (‘M’). a, in normal Ringer’s solution. b-f, 
after immersion in Succ 10-* for 1, 3, 5, 10 and 20 min. 


An example is shown in Table 1. While this block was maintained until 


the drug was washed out, any reduction of the direct response was tran- 


sient and vanished in the continued presence of succinylcholine within 


about 20 (10-30) min. At the end of this period, both tension and spike 
amplitude had returned approximately to the previous level, but there 
was usually still a slight reduction in the conduction velocity. This is 
presumably connected with the fact that desensitization and recovery of 
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the resting potential in the end-plate region were not complete (cf. Fig. 7), 
so that a residual depression of excitability, and an associated slowing of 
conduction in these zones, would be expected. | 


R | Succ 10-4 |) Ringer 
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Fig. 6. Effect of succinylcholine on indirectly (‘N’) and directly (‘M’) excited 
twitch. Stimulation by multiple electrodes. A, showing effect of Succ 10-‘; 
Neuromuscular block (‘N’) recovers gradually after washing in Ringer’s solution. 
Direct response (‘M’) shows only a transient diminution. B, the initial changes 
in Suce 10~ are replotted on larger time scale. C, effect of Suce 10-5. 
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The results described in this section are fully in accord with the view 
that the primary action of succinylcholine is on the motor end-plate, and 
not on the nerve-free parts of the muscle fibre. Our observations do not 
exclude the possibility that the drug may have some direct effect on the 
properties of the muscle fibre, but clearly this is not of the kind described 


_ by Ochs et al. (1960). 


TaBLeE 1. Effect of succinylcholine on indirect twitch tension 


Time required 
for twitch to 
| fall to nearly 
Concentration Size of twitch steady level 
of Suce (% of normal) (min) 
5x 10-* 85 8 
2x 10-5 7 5 
10-4 0 2 
5x 1-1 


The depolarizing effect of succinylcholine and acetylcholine 

Ochs & Mukherjee (1959) and Ochs e¢ al. (1960) claim further that the 
depolarizing action of so-called end-plate drugs (e.g. ACh, Succ, choline) 
is not confined to the myoneural junction, but occurs to the same degree at 
all points of the muscle fibre. Contrary findings by other workers are 
attributed to the use of low concentrations of the drugs or of insufficient 
equilibration times. 

In the present experiments the drug concentrations were at least as high 
as those used by Ochs et al.; and the periods of immersion were kept long 
enough to satisfy their conditions. Ochs and his co-workers used intra- 
cellular electrodes to measure the depolarization, but their conclusions 
can be checked more simply by recording the external potential difference 
between two parts of the sartorius muscle, e.g. a pelvic portion immersed 


_ in the drug solution, and the tibial end (not exposed to the drug) as a 


reference point. Clearly, if the statement of Ochs et al. is correct, application 
of the drug to a few millimetres length of muscle at the pelvic end should 


give rise to a measurable local negativity, just as one obtains negativity 


by local immersion in a potassium-rich medium. Furthermore, after 
immersion of the pelvic half of the muscle, the depolarization should be 
distributed evenly with a constant level right down to the perio end, and 
not display a sharp peak at the end-plate zone. | 
The procedure adopted was to fill the muscle chamber with Ringer's 
solution and measure the p.d. along the sartorius as the level of the bath 
was lowered from the tibial to the pelvic end. If this control run was 
satisfactory, showing not more than 1-2 mV, the bath was set at a level 
about 4mm above the pelvic tendon. In this position several readings 


were taken at intervals of a few minutes, to check any drift in the surface 
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p.d. of the preparation. Sometimes the readings were quite steady, but 
in other cases a potential difference developed gradually, settling at about 
3-4 mV positive relative to the tibial electrode (cf. Fig. 7). The reason for 
this ‘drift’ was most probably a slow leakage of potassium from the 
muscle fibres into the extracellular spaces. This would tend to reduce the 
membrane potential of the upper portion of the muscle which was left in 
air, relative to the portion bathed in solution. When the readings had 
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Fig. 7. Depolarizing effect of succinylcholine (2-5 x 10-*). Ordinate: p.d. measured 
along surface of a 32mm long sartorius between fixed reference lead at tibial 
(upper) end and level of bath. Depolarizing effect of the drug is shown as a down- 
ward deflexion, The readings started when the normal Ringer’s solution in the — 
bath had been lowered from the tibial end to a position 4mm above the pelvic 
end. At the first arrow the Ringer’s solution was replaced by Succ 2-5 x 10-5, 
immersing 4 mm of the pelvic region. At the second arrow the level of the drug 

_ solution was raised to the 15 mm position, producing a maximum depolarization 
at 11 mm from the pelvic end. At the third arrow the level of the bath was raised 
further, up to the tibial end, producing another large depolarization with a maxi- 
mum at 20 mm from the pelvic end. 


become steady, the solution was changed from Ringer’s solution to 
succinylcholine. The concentration most frequently applied was 2:5 x 10-5 
(the largest and most effective used by Ochs e¢ al. (1960)). When the drug 
solution was raised to a level of 4 mm above the pelvic end, no significant 
change in the surface p.d. was observed. This is illustrated in Fig. 7. In 
five experiments of this kind the surface p.d. between the pelvic region 
(3 or 4mm being immersed for approx. 15 min) and the tibial reference 
lead changed by less than 0-5 mV, sometimes definitely by less than 0-1 mV. 
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When the level of the succinylcholine solution was raised to the region of 
the pelvic end-plate focus spike discharges and twitches were elicited which 
usually disappeared within 1 min. A local depolarization of 15-20 mV 
arose within 1-2 min and then slowly declined in the continued presence 


of the drug (e.g. Fig. 7). 


Seven further experiments were made with a higher concentration of 
succinylcholine (10-*). With this dose a small, short-lasting depolarization 
was seen in some muscles, following immersion of the pelvic end for 
24mm. It varied between less than 0-5 and 2 mV in different experi- 
ments. When the end-plate focus was reached, a local depolarization of 
up to 27 mV was recorded, which subsequently declined more rapidly 
than with the lower concentration. 


Distance (mm) 


Fig. 8. From the same experiment as Fig. 7. Spatial distribution of depolarization 
along sartorius muscle. Abscissa: distance between fluid level and pelvic end. 
Ordinate: p.d. between electrodes. a: p.d. in normal Ringer’s solution when the 
bath level was lowered from the tibial to the pelvic end. b: 2 min after immersing 
the lower 15 mm in Succ 2-5 x 10-* (second arrow in Fig. 7). c: 6 min after raising 
bath level to tibial end (third arrow in Fig. 7). 


Once the end-plate was depolarized there was of course electrotonic 
spread of the potential change towards the pelvic end. It was our im- — 
pression that the spatial spread of the prolonged depolarization occurred 
with less decrement than has been reported for ordinary electrotonic 
potentials. A rough estimate indicated that the fall to 1/e of the residual 
depolarization took place in 4 or 5 mm (instead of 2-3 mm as found by 
the usual ‘square-pulse’ method). This point requires further study; it is 
not clear whether it is dependent on the drug action or on a change in 
the electrical characteristics of the muscle membrane ——e from 
prolonged depolarization. 
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When the depolarization of the first end-plate zone, in the pelvic part 
of the muscle, had subsided to a low level, a renewed depolarization of 
15-20 mV sould be evoked by raising the drug solution to the level of the 
second end-plate focus near the region of the nerve entry (see Fig. 7). 
Finally, the bath level was raised to the tibial end, short-circuiting the 
muscle and allowing one to check the stability of the electrode p.d. 

The results of these experiments invalidate the claim of Ochs and his 
collaborators, for they show that with their drug concentrations and ap- 
plication times no depolarization occurred during immersion of a few 
millimetres near the pelvic end, while as much as 20 mV promptly ap- 
peared when the junctional regions were exposed to the drug solution. The 
depolarization of the average end-plate membrane must have been con- 
siderably larger than 20 mV, and the appearance of spikes and twitches 
during the first half minute indicated that at many end-plates the mem- 
brane potential fell by more than the 30-40 mV required for excitation. 
- The observed external value was less (a) because of the shunting effect of 
the interstitial fluid, (b) because of asynchrony in different fibres, and 
(c) because the end-plates in the several hundred fibres are not in exact 
transverse register. Factor (c) would not apply to any generalized effect 
on the whole muscle, and in this respect the external recording method 
would favour the detection of a spatially indiscriminate drug action. 


It can be argued that an immersion of a 4mm length of muscle does not reveal the full 
effect of a depolarizing substance. However, a substantial part would undoubtedly be 
recorded, as may be seen from Table 2. This summarizes a control experiment in which a 
solution containing 28 mm-K was raised successively to the pelvic tendon muscle junction, 
then to 2, 4 and 10 mm, and finally lowered to record the full value of the depolarization 
at the pelvic end. It will be noted that a 15 min immersion of the tendon—muscle junction 
alone gave more than half the maximum obtainable depolarization, while raising the fluid 
to the 4 mm position produced 86 %. 


TaBLE 2. Control experiment with 28 mm-K measuring external ’ d. 


Fluid level 
from pelvic 
tendon Time of immersion Depolarization Depolarization 
(mm) (min) (mV) (% of max.) 

0 15 16:3 52 
2 Plus 10 22-8 73 
4 Plus 15 26-9 86 
0* Plus 12 31-2 100 


* After immersion of 10 mm length. 
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Intracellular measurements of membrane potential 


The method used by Ochs & Mukherjee (1959; see also Ochs e¢ al. 1960) 
was to insert a micro-electrode into many muscle fibres at different regions 
of the sartorius and compare membrane potentials of control muscles 
with those obtained after various times of immersion in ACh, choline or 


- guecinylcholine. Their largest effect with ACh was a depolarization of 


about 30 mV, using ACh 10-5 in the presence of eserine 10-5. A similar 
result was reported with Succ 2-5x 10-5. To obtain these results, the 
muscle had to be immersed for 10-15 min; at shorter times, e.g. after 
3 min, Ochs and Mukherjee found no significant depolarization at any of 
the explored positions. From these results the authors concluded that the 
drugs act similarly everywhere on the fibre membrane. ee 

The procedure used by Ochs and his co-workers can be criticized on 
several grounds. In the first place, the authors relied on random insertions 
and made no attempt to identify end-plate positions. Secondly, with the — 
high drug concentrations used, desensitization occurs so rapidly that only 
a small remainder of the action illustrated in Figs. 7 and 8 above could - 
have been detected in their experiments. For both reasons it is perhaps 
not surprising that they failed to observe the rapid junctional depolariza- 
tion produced by the drug. This still leaves unexplained their positive 
finding, namely of a 30 mV depolarization all along the muscle. 

We have tried to reproduce this effect by imitating Ochs & Mukherjee’s 
experiments as closely as possible, except that we located end-plates by 
following fine nerve branches in the microscope and looking for m.e.p.p.s. 
When the recording electrodes were inserted near the pelvic end of the 
muscle fibres, 20 min soaking in ACh 10~ in the presence of eserine 10-° 
did not depress the membrane potential significantly below the normal 
level. In two preparations a mean value of 91 mV was observed (23 fibres, 
s.2.+ 0-9 mV). Before ACh application the mean value for the same group 
was 93 mV (17 fibres, s.z.+0-95 mV). At 11 identified end-plate regions 
the resting potential was initially 91-5 mV (s.z. + 1-1 mV). After applying 
the drug solution, insertion of the electrode at the end-plates was re- 
commenced as soon as twitching had stopped (within less than 90 sec), 
and a progressively diminishing depolarization was observed. The average 
value of the membrane potential of the same group of end-plates, recorded 
within about 6 min, was 82-5 mV (11 fibres, s.2.+1-9mV). In one fibre 
there was a drop of 23 mV, from 94 to 71 mV, recorded after 90 sec, while — 


_ 5min later the potential had risen to 86 mV. 


Ochs & Mukherjee (1959) were in some doubt whether their measure- 
ments were obtained from surface fibres or from the second layer of the 
sartorius. We checked the membrane potential of a few deeper fibres at 
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the pelvic end, after more than 20 min in the same drug solution, and 
again found values above 90 mV. 

Several other experiments were carried out in which two internal 
potential measurements were made simultaneously, one at the pelvic end, 
the other near an end-plate, while the drug solution flowed through the 
chamber. In some of these experiments, the calcium concentration was 
raised to 5-4 mm in order to reduce spikes and twitches. Although these 
experiments were not accurate and some potential change was evidently 


Fig. 9. Effect of local ‘superfusion’ of the muscle surface with ACh solutions. 
Intracellular recording; depolarization shown as upward deflexion. Muscle was 
treated with prostigmine 10-*. a and b: at end-plate regions of two different fibres 
(same voltage calibration); ACh 2 x 10-" was applied between arrows. c: near pelvic 
tendon—muscle junction of another fibre. After the first arrow ACh 10-* was applied 
to various points along the fibre within 0-2 mm from the tendon; at the second 
arrow the ACh-pipette touched the fibre, causing a small transient potential change. 


due to mechanical disturbance of the micro-electrodes, it was clear in every 
case that the depolarization at the end-plate region was much grater than 
any occurring at the pelvic end. The results were confirmatory of the 
simpler ones obtained with external recording. 

Finally, intracellular measurements were made at the end-plate and the 
pelvic end, in’a series of experiments in which the surface of the fibre was 
‘superfused’ locally with a small pipette (see Methods) containing dif- 
ferent concentrations of ACh. If the muscle was kept in prostigmine 10~*, 
a pipette with less than 5x 10-7 ACh was usually sufficient to give rise 
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to spikes at the end-plate. As little as 10-’ was often enough to depolarize 
by 10 mV or more, and sometimes caused a spike discharge. When applied 
near the pelvic tendon—muscle junction, no effect was observed in several 
fibres, even with pipettes containing as muchas a 1% ACh solution. Still 
higher concentrations (10%) did produce a slow local depolarization and 
contraction, but probably caused osmotic damage. An example of the 
results is shown in Fig. 9. They indicate that the ACh sensitivity of the 
end-plate exceeds that of the pelvic end of the fibre by a factor of at least 
10° (see also Miledi, 1960a), and that the small effects which were occasion- 
ally observed by immersing the nerve-free zone of the muscle in the drug 
solution (Succ 10-%, p. 409), may have been due to the presence of a fringe 
of receptors in some fibres whose end-plates were positioned relatively near. 


DISCUSSION 


The results described in this paper confirm what is already known. The 
experiments were made necessary by the recent claim of Ochs and his 
co-workers (Ochs & Mukherjee, 1959; Ochs et al. 1960), that the drugs | 
regarded as acting specifically on end-plate receptors were equally effective 
on other parts of the muscle fibre remote from the junctional region. Our 


observations disagree in practically every respect with those of Ochs et al., 


in so far as they are related to the point in question. 

In addition to the drugs re-examined here, Ochs & Mukherjee (1959) 
used tubocurarine as an antagonist, and choline (concentration 10-*) 
which, they state, produced an even larger depolarizing effect than they 
observed with ACh. We did not use curare, for as we failed to reproduce 
the general muscle action of ACh and Succ there was nothing to antagonize. 
As regards the effects of choline, Ochs & Mukherjee (1959) quote the work 
of Nastuk & Hodgkin (1950) who used this substance in even higher 
concentrations as an inert substitute for sodium on the nerve-free regions 
of the sartorius muscle, and found that the membrane potential was 
little affected, and certainly not reduced. Ochs & Mukherjee (1959) offer 
an explanation by stating that Nastuk & Hodgkin only allowed 5 min 
soaking, which would be insufficient for the general action to develop. 
But on consulting Nastuk & Hodgkin’s paper, one finds that they started 
their measurements after 5 min immersion and continued them for a 
further 15 min in the choline solution, which should provide ample time for 
the appearance of Ochs & Mukherjee’s effect. 

As regards the quantitative difference in ACh sensitivity between the 
end-plate and remote regions of the muscle fibre, it is clear from Miledi’s 


(19606) and the present results that it can amount to several orders of 


Magnitude. But it must be remembered that this difference cannot be 
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regarded as a constant quantity under all conditions, for the effects of 
denervation (Axelsson & Thesleff, 1959; Miledi, 1960a) show that the 
chemo-sensitivity of a muscle fibre may undergo dramatic changes. 

One must further distinguish between the regional sensitivity to ACh, 
which can be tested by localized application, and effects which spread from 
the site of primary action, e.g. as a result of prolonged propagated activity, 
or of subthreshold electrotonic depolarization. It is at least conceivable 
that in some muscles the speed and degree of ‘desensitization’ may be 
much lower than we observed, and that a fibre which has suffered a more 
prolonged and intense depolarization at its end-plate may show more 
conspicuous secondary changes along its length. Thesleff (19556) mentioned 
that the ACh-treated rat diaphragm behaved in a manner different from 
the frog sartorius, in showing a maintained general depolarization, but 
he added that this may have been due to a secondary spread from the 
more intensely depolarized end-plate zone. Whether Ochs & Mukherjee’s 
(1959) potential measurements could be explained on any such basis 
remains doubtful. The striking diminution in the twitch height. observed 
by Ochs e¢ al. (1960) might have been due to persistent conduction block 
at depolarized junctions, or perhaps to inadequate direct stimulation, 
as discussed on p. 404. : 

SUMMARY 

‘1. It has recently been claimed by Ochs and his co-workers that 
acetylcholine, succinylcholine and other drugs which had been regarded 
as specific ‘end-plate agents’, have spatially indiscriminate effects on the 
whole muscle fibre, in causing depolarization of the surface membrane and 
in reducing twitch tension of the frog sartorius muscle. 

2. These reports have been re-investigated by several methods of 
electrical and mechanical recording. 

3. The results described here do not confirm those of Ochs e¢ al., but 
show once more that the direct action of acetylcholine and succinylcholine 
is restricted to the immediate neighbourhood of the end-plate region. 

We are indebted to Mr J. L. Parkinson for frequent assistance and to the Nuffield Founda- 
tion for financial support. 
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If men are exposed to acute anoxic anoxia a variety of alterations in 
water and electrolyte excretion may occur. Diuresis has been noticed by 
several observers who studied the physiological effects of real or simulated 
high altitude (McFarland & Edwards, 1937; Burrill, Freeman & Ivy, 
1945; Asmussen & Nielsen, 1945; Schonholzer, Gross & Marthaler, 1948). 
‘Hohendiurese’, familiar to mountaineers, was found by Stampfli & Eberle 
(1944) to continue at 3400 m for several days, but only if the altitude was 
well tolerated. Victims of mountain sickness became oliguric on the day 
after arrival. Ochwadt (1947) observed that at a simulated altitude of 
6000 m water diuresis was enhanced, but if the subjects had not been given 
a large waterload they became oliguric. McCance (1935) described long- 
- Jasting oliguria and profound depression of urea and electrolyte output 
following severe anoxaemia. Most other workers have found solute 
excretion—notably of sodium, potassium and chloride—to rise during 
anoxia, irrespective of changes in the rate of urine flow (Stampfli & Eberle, 
1944; Burrill e¢ al. 1945; Asmussen & Nielsen, 1945; Schénholzer et al. 
1948; Fishman, Maxwell, Crowder & Morales, 1951; Axelrod & Pitts, 1952). 
Berger, Galdston & Horwitz (1949) found no consistent changes in 
potassium and water elimination, but came to regard the ‘invariable and 
frequently marked increase in the rate of sodium and chloride excretion’ 
as the characteristic renal effect of anoxic anoxia. | 

Clearance studies have shown that the renal circulation usually remains 
unaltered when human subjects breathe gas mixtures containing about 
10% oxygen. If a change occurs it is an increase, not a decrease of renal 
plasma flow, with or without a slight rise of filtration rate (Berger et al. 
1949; Fishman et al. 1951; Axelrod & Pitts, 1952). 

Acute anoxic anoxia, besides causing cardio-vascular changes also leads 
_ to hyperpnoea and respiratory alkalosis, and to alterations in the activity 
of some of the endocrine glands. It was the purpose of the present work to 
investigate whether the many different modifications of renal function 
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which have at various times been observed in anoxia are directly related to 
particular extra-renal effects of systemic oxygen lack. 


METHODS 


Subjects. The subjects were healthy adults of both sexes, aged 19-44 years. With few 
exceptions they were ignorant of the nature and purpose of the experiments. Their activity, 
diet and fluid intake were not controlled between experimental days. Tea or coffee, but not 
smoking, were prohibited during all experiments and the preceding 12 hr. 

Procedure. Most experiments were conducted during the morning. So as not to mistake 
changes governed by the diurnal excretory rhythm for experimental results all tests con- 
sisted of two or more separate sets of observations with the same subject, carried out at 
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Fig. 1. Administration of gas mixtures and recording of end-expiratory CO, 
concentration. A, ‘infra-red’ CO, analyser; B, meteorological balloon serving as_ 
reservoir; C, clamp regulating flow through analyser; H7', expiratory tubing; 
F, frame; G, recording galvanometer; I7', inspiratory tubing; L, leak; M, 
mixing and moistening chamber; P, suction pump; R, rotameter; S, Rahn-Otis 
sampler; 7', 3-way tap; V, modified Siebe—-Gorman valve. For further details 
see text. 


exactly the same time of day on different days. One of these was a control run. The sequence 
of ‘control’ and ‘experimental’ runs was randomized. Intervals between the several runs 
which constituted a complete test on one subject varied from 2 days to 3 weeks; most tests 
were completed inside 10 days. Further details are given in the text. 
Administration of gas mixtures and continuous recording of end-expiratory CO, concentration. 
. The subject wore a nose clip and breathed through a modified standard Siebe-Gorman 
valve with identical centrally fixed rubber disk valves on the inspiratory and expiratory 
sides. The dead space of the valve was reduced to 36 ml. Except in the first series of experi- 
ments oxygen-poor gas mixtures were always administered by means of the apparatus 
illustrated in Fig. 1. This was similar in concept to that described by Cunningham, Cormack, 
O’Riordan, Jukes & Lloyd (1957) but differed from it in many details. 
Nitrogen, air (or oxygen) and, if used, carbon dioxide were led from upright cylinders 
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through three separate, suitably calibrated rotameters (R) into a joint inlet tube, from there 
through wide-bore (diameter 2:54 cm) flexible tubing to a moistening and mixing chamber, 
and hence to a reservoir (B). A wide-bore three-way tap (7') was inserted into the tubing. 
At the start of work this tap stood open to the room until the rotameters were all set at the 
flow rates calculated to give the desired gas mixture. Delicate adjustment of the flow rate 
through the rotameters was achieved by means of two-stage reducing valves (‘Endurance’ 
pressure-reducing regulator, B.O.C. ref. No. MS 51) on the gas cylinders. When the rota- 
meters were steady, tap (7') was turned and from then on a gas mixture of known composition 
flowed into the reservoir (B). 

The reservoir was a thin rubber bag made from-a meteorological balloon with separate 
inlet and outlet channels. It held approximately 30 1. when distended but offered practically 
no resistance to inflation until the contained volume exceeded 121. Its outlet channel led 
into the straight part of a wide metal T-piece, the side arm of which carried a rubber non- 
return valve acting as a leak (L). Distal to this an adjustable slit across the lumen of the 
straight tube controlled the flow of gas from the reservoir through a further length of 
flexible wide-bore tubing (J7') towards the inspiratory valve. The resistances of the slit and 
of the leak were so balanced that, if the inflow from the rotameters exceeded the subject’s 
ventilation rate and the pressure in the reservoir began to rise, gas escaped through the leak 
and none would push through the inspiratory valve (V) under its own pressure unless 
aspirated. The expired air was collected in a further 1-22 m length of flexible tubing (ZT) 
pointing downward to allow drainage of saliva. The valve and tubing were suspended 
from a rigid iron frame (#’). The subject sat in a comfortable chair and could breathe 
through the mouthpiece without altering his posture or straining any muscles. The com- 
position of the gas mixture breathed was checked at intervals with a Haldane gas analysis 
apparatus. 

Alveolar air—or rather ‘end-expiratory’ air—was sampled continuously by the method of 
Rahn & Otis (1949) and passed through an ‘infra-red’ CO, analyser (A) (Infra-red Develop- 
ment Co., Welwyn Garden City, Herts; Model SC/M, modified). The flow of end-expiratory 
air through the analyser was varied between 60 ml. and 200 ml./min, depending on the rate 
of breathing. Immediately before recording began, and immediately after it ended, the 
analyser was standardized with two or three mixtures of CO, in oxygen, the exact composi- 
tion of which had previously been determined with a Haldane apparatus. Over the range of 
concentrations found in the experiments the calibration points lay on a straight line, and 
changes of concentration of 0-05% over a range from 0 to 7% CO, could be measured. 
Records of CO, concentration were made every 30 or 60 sec during tests. 

‘Alveolar’ CO, concentration could be maintained constant, if desired, by varying the 
CO, concentration of the inspired gas mixture according to the observed trend of the end- 
_ expiratory CO, concentration. It was found that when the reservoir (B) contained less than 
61. of gas mixture a fall in end-expiratory CO, concentration could be reversed and the 
control value restored in less than I-14 min. Spontaneously arising increases in end- 
expiratory CO, concentration could, of course, not be corrected by this method but these 
occurred rarely and were always short-lived. 

Blood and urine specimens. Blood samples were drawn anaerobically from the antecubital 
vein. Urine specimens were obtained by voluntary micturition. Subjects unable to empty 
the bladder completely, or at specified times, were not used. Specimens were passed into 
narrow graduated cylinders containing a 5 cm layer of paraffin, and left to attain roo 
temperature, 

Chemical analyses. The pH of blood and urine was measured with a miniature glass 
electrode in special containers at room temperature. Readings were corrected to body 
temperature according to the procedure of Rosenthal (1948). CO, and O, content of whole 
blood, and CO, content of plasma and urine were determined manometrically (Peters & 
Van Slyke, 1932). Bicarbonate concentration of biood and urine was calculated by the 
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Other substances were estimated as follows: 
Endogenous creatinine in serum: Delroy (1949), and King & Wootton (1956). When the 
methods were compared using dogs’ serum the latter gave values 25-30% lower than the 
former. With neither method could changes in serum creatinine concentration during a 
single experiment be detected. Colours were compared in a spectrophotometer (Unicam 
SP600). Endogenous creatine in urine: Delroy (1949); colours were compared in an EEL 
colorimeter. 
Urea in blood, serum and urine, and ammonia in urine: by the micro-diffusion technique of 
Conway (1950). 
Plasma or serum protein: Phillips, Van Slyke, Hamilton, Dole, Emerson & Archibald (1950). 
Glucose and protein in urine: qualitative tests for the presence of traces were performed 
according to Cole (1941). 
Sodium and potassium in serum and urine were estimated with an EEL flame photometer. 
Chloride in serum or plasma: Schales & Schales (1941). Chloride in urine: modified 
Vollhard-Harvey titration (Peters & Van Slyke, 1932). 
Inorganic phosphate in serum and urine: King & Wootton (1956). ; 
The concentration of buffered hydrogen ions in urine was calculated from the inorganic 
phosphate content and pH of the urine. Urine osmolarity was calculated from the depression 
of the freezing point, determined with a Beckmann thermometer. Readings accurate to 
0-002° C could be taken (+ 2-5 m-osmole/l.). 


RESULTS 
Comparison of anoxia accompanied by hypocapnia with simple hypocapnia 
Systemic oxygen lack induces hyperpnoea and respiratory alkalosis. It 


was therefore necessary to examine first whether and in what respects the 
apparent renal effects of anoxia differed from those of simple hypocapnia. 


Six subjects took part in two series of tests. In one they were moderately dehydrated, 
having had no food or fluid for 18 hr, and they drank no water during the experiment. In 
the second series the same subjects were in anormal state of hydration. They had a standard 
breakfast 2 hr before the start of observations; at the end of an initial control period lasting 
60 min they drank a volume of tap water which differed from subject to subject,(350—750ml.), 
but was the same on all occasions for any one person. 

Observations extended over 3 hr on all occasions. Experimental procedures, if any, were 
carried out during the second hour. The subject either overventilated his lungs deliberately 
with room air, or breathed a gas mixture of constant composition from Douglas bags. 
Various mixtures employed contained between 14 and 10% oxygen in nitrogen. Urine 
specimens were collected at the end of the first hour and at 30 min intervals thereafter. 
Three subjects were unable to empty their bladders at the specified time when the rates of 
urine flow were very low; because of this only three control runs could be successfully com- 
pleted in the ‘dehydrated’ group. Blood samples were taken just before, and at the end of 
experimental procedures, but not from all subjects. 


_ Solute excretion. During inhalation of 10-14% oxygen in nitrogen the | 
excretion of potassium, sodium, bicarbonate and chloride rose, ammonium 
excretion diminished and urinary hydrogen ion concentration fell in all 
subjects, as shown by the circles in Fig. 2. When the same subjects over- 
ventilated their lungs with room air (triangles in Fig. 2), very similar 
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; changes occurred. They are typical of respiratory alkalosis (Stanbury & 
Thomson, 1952; Barker, Singer, Elkinton & Clark, 1957 ). Both procedures | 
increased sodium and chloride excretion to the same extent, but the other 


changes were smaller in anoxia, probably because anoxia caused a smaller 
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Fig. 2, Average changes in urinary solute excretion in a group of six dehydrated 
subjects during forced overbreathing of room air (A), and during inhalation of 
14-10% oxygen in nitrogen (@) in the period indicated by horizontal bars. 
| _ Thin line, controls. In this and in other figures the ordinates show the average 
change from the rates of excretion in the initial control period. 


loss of CO, from the blood than voluntary overbreathing (Table 1). 
Differences between the responses of individuals were merely of degree. 
Figure 2 shows the average changes found when the subjects were de- 
_ hydrated; when the subjects were well hydrated during the experiment 
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the changes in creatinine and electrolyte excretion were of the same order 


of magnitude. The rate of urea excretion in hydrated subjects was much 
higher both in the control runs and during experimental procedures, but 
the actual increment in urea output attributable to the experimental 
procedures was very similar whether the subjects were hydrated or not. 

Water excretion. Inhalation of oxygen-poor gas mixtures and hypo- 
capnia resulting from overbreathing both led to an increased flow of urine. 
In the dehydrated subjects the flow rates, which were very low initially, 
were approximately doubled in the course of 1 hr, but in absolute terms the 
increases amounted only to 1 ml./min, or less (Fig. 3a). 
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Fig. 3. Average changes in water excretion for a group of six subjects (a) when 
dehydrated, and (b) after drinking a standard volume of water at time marked 
by arrow. Thin line, controls. A forced breathing of room air; @ breathing 
14-10% O, in N, during period shown by horizontal bars. 


In normally hydrated subjects anoxia and forced breathing alike greatly 
augmented the average diuretic response to ingested water (Fig. 35). 
Enhancement of diuresis by one or the other procedure developed in eleven 
out of twelve instances. The exception occurred when a subject fainted 
while a blood sample was drawn shortly before he was exposed to anoxia, 
- and urine excretion remainéd almost totally inhibited for the next 24 hr. 

In the dehydrated subjects total urinary solute excretion [2(Na+K) + 
urea] rose by 390 wosmole/min during forced breathing and by 310 posmole/ 
min in anoxia, and it appeared reasonable to attribute the lower rates of 
urine flow found in anoxia (Fig. 3a) to the lower osmotic activity of the 
urine. In the hydrated subjects the maximum increase of urinary solute 
excretion during forced breathing and anoxia was 575 and 290 posmole/min, 
respectively, yet the difference was not paralleled by a difference in the 
volume of the urine (Fig. 3b). The high average urine flows found in anoxia 
were all the more surprising as the mean included one instance of complete 
suppression of the diuretic response to water after fainting. These results 
suggested that systemic oxygen lack might enhance diuresis by some 
mechanism unconnected with respiratory alkalosis and raised solute 
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excretion. A method of inducing anoxia without concomitant hypocapnia 
was therefore devised. 


Comparison of anoxia with and without accompanying hypocapnia 

The six subjects of this series of tests had not taken part in earlier experiments. They were 
normally hydrated, and had a breakfast of fixed composition 24 hr before the start of observa- 
tion. Observations were made during 4 hr which were subdivided into six urine collection 
periods (1-6) lasting 60, 30, 30, 30, 30 and 60 min, respectively. All subjects, whatever their 
body size, drank 500 ml. of tap water at the end of period 1 on all occasions. They were 
seated throughout the period of observation, and stood up only to pass urine. During the 
control runs they breathed room air without valve or nose clip. If they were to be made 
anoxic they began, 30 min after the start of period 1, to breathe room air through the valve 
of the apparatus described in the section on ‘Methods’. Their resting end-expiratory CO, 
level was recorded for 25-30 min before the start of the experiment proper. Exposure to 
anoxia began with period 2, immediately after the subject had passed the first urine specimen , 
and had drunk the water. It lasted for 1 hr, to the end of period 3, save for a brief inter- 
ruption during which the second urine sample was voided. 

In experiments without CO, replacement the composition of the gas mixture breathed 
was kept constant throughout, and consisted of 11% oxygen in nitrogen. When CO, loss 
was to be prevented the basic mixture contained 10% oxygen in nitrogen and to this was 
- added as much CO, as was required from minute to minute to keep end-expiratory CO, 
concentrations at the pre-anoxic level. Since the volume of the admixture varied the final 
oxygen concentration also fluctuated somewhat. 

When the subjects were made anoxic, but not during control runs, blood samples were 
taken just before the close of periods 1, 3 and 6. , 


Systemic effects of anoxia. After a transient initial disturbance which 
varied from subject to subject the effect of anoxia on pulse rate and blood 
_ pressure was in general very slight, and not consistently modified by the 

presence or absence of simultaneous hypocapnia. At the end of the period 
of anoxia it was frequently difficult to draw an adequate blood sample from 
the antecubital vein owing to vasoconstriction in the extremities mani- 
fested by intense pallor and coldness to touch. These signs were equally 
prominent whether or not anoxia was accompanied by hypocapnia, con- 
trary to what might have been expected from Black & Roddie’s (1958) 
observations during brief periods of very intense anoxia. In both types of 
experiment the subjects complained of feeling cold, of mild or severe head- 
ache, and of increasing drowsiness. Disorientation at the end of the ex- 
posure was usually more pronounced in anoxia with hypocapnia. Several 
subjects were unable to empty the bladder at will during or immediately 
after anoxia while breathing air. This difficulty was not related to hypo- 
capnia. Impaired bladder control in anoxia has previously been noticed 
by Ochwadt (1947) and by Axelrod & Pitts (1952). 

Two subjects fainted while breathing 11% oxygen without added CO,, 
and two subjects fainted while breathing approximately 10% oxygen and 
sufficient CO, to prevent hypocapnia. The results of these four experiments 
are not included in the present series and will be discussed ina later section. 
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End-expiratory CO, tension. The successful compensation of CO, loss 
during anoxic hyperpnoea is illustrated in Fig. 4. When CO, was added in 
appropriate concentration to the inspired oxygen-deficient gas mixture, 
end-expiratory pCO, remained unchanged in five subjects and dropped by 
1 mm Hg in the sixth (Table 1). By contrast, when no CO, was adminis- 
tered inhalation of 11°{ oxygen caused a fall in end-expiratory pCO, in 


6 


End-expiratory CO2 concentration (%) 


3 | 
Fig. 4. End-expiratory CO, concentration recorded every minute during inhala- 
tion of 11% O, in N, (@) or of 10% O, in N, with sufficient CO, added to main- 
tain the pre-anoxic level (©). The first part on the left of each record shows the 
end-expiratory CO, concentration during the last few minutes before the start of 
anoxia while the subject was still breathing room air. Gaps in the records are due 
to interruptions for the collection of urine specimens. An unsuccessful attempt 


to match the hyperpnoea of anoxia by slight deliberate overventilation with room 
air is also shown ( x). 


all subjects, the lowest level being attained at the end of the hour’s 
exposure. The subjects were unaware that their pulmonary ventilation was 
increased during anoxia, whether or not CO, was added. 

The pH of blood from the antecubital vein rose by 0-01—0-09 pH units 
when oxygen-poor gas without added CO, was breathed, but it did not 
alter during anoxia if CO, was added to the inspired gas mixture to avoid 
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the development of hypocapnia. The data suggest that in this manner 
alkalaemia was successfully prevented without causing acidaemia. In the 
absence of arterial blood samples, however, some uncertainty remained 
whether compensation had in fact been as accurate as was apparent. 


TaBLE 1. Changes in end-expiratory carbon dioxide tensions (mm Hg) 


Anoxia Minimal voluntary 
c + overbreathing 
No CO, added CO, added (air) 
Subject Initial Final Difference Initial Final Difference Initial Final Difference 
PF 40 34 — 6 39 39 0 
CT 38 31 — 7 42 42 0 38 21 —17 
JL 44 37 — 7 43 43 0 41 25 —16 
JH 41 28 —13 40 39 -1 
NW 37 28 — 9 40 40 0 
JM 41 37 — 4 41 41 0 


Chemical changes in blood and serum. The great slowing of the blood flow 
in the arm during anoxia may itself have affected the composition of the 
blood, so that venous samples taken before, during and after anoxia were 
probably not strictly comparable. In general, there was little change: 
alterations in serum creatinine and urea were negligible, and no consistent 
changes in serum sodium were detected. Serum potassium increased 
slightly in anoxia with hypocapnia (mean 0-14 m-equiv/l., range 0—0-31 
as it did during moderate hypocapnia without oxygen lack; but no con- 
sistent change was seen in anoxia without hypocapnia. Serum chloride 
fell by 2 m-equiv/l. (range 0-8) in both types of anoxia. Serum inorganic 
phosphate decreased during anoxia with hypocapnia (mean 0-4 m-equiv/l., 
range 0-2—0-6) but did not alter if CO, loss was compensated. Haematocrit 
and serum protein remained unchanged, in contrast to the findings of 
Asmussen & Nielsen (1945). | 

Volume and composition of the urine. Breathing an oxygen-poor gas 
mixture after water ingestion caused an increase of diuresis. The enhance- 
ment occurred in every subject and was, on average, of equal magnitude 
whether or not anoxia was associated with hypocapnia (Fig. 5). 

Figure 6 shows the changes in sodium, potassium, bicarbonate, chloride, 
_ urea and creatinine excretion, and in urinary pH which took place at the 
same time. It also shows the calculated total excretion of osmotically active 
solute, [2(Na+K)+urea]. At the peak of diuresis the latter exceeded the 
corresponding control value by 32 »osmole/min when CO, loss during 
anoxia was prevented, and by 251 yosmole/min when hypocapnia was 
allowed to develop. 

The data summarized in Figs. 5 and 6 were submitted to analysis of 
variance in order to separate differences. between individuals and dif- 
ferences between procedures. The former were of no particular interest in 
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the present context. The significance of differences between procedures was 
assessed by Student’s ¢ test (Table 2). 

Anoxia with hypocapnia and controls (I in Table 2) differed significantly 
during the first or second half hour of anoxia with respect to water 
(P < 0-01), sodium (P < 0-05; P < 0-02), potassium (P < 0-05), chloride 
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Changes in the rate of urine flow (ml./min) 
& 


iL ANN IN 
Fig. 5. a. Changes in rate of urine flow, mean values for six subjects. 500 ml. water 
drunk at time marked by arrow. Thin line, control; @ anoxia with hypo- 
capnia; © anoxia without hypocapnia; duration of low-oxygen breathing 
shown by horizontal bars. 6b. Change in the rate of urine flow during period 3 


(90-120 min); individual results: [J control; ™ anoxia with hypocapnia; — 
anoxia without hypocapnia. | 


(P < 0-01; P < 0-05), and bicarbonate (P < 0:05) excretion, and with 
respect to urine pH (P < 0:01). 3 
Anoxia without hypocapnia and controls (II in Table 2) differed sig- 
nificantly during the first and second half hour of anoxia only with respect 
to water excretion (P < 0-05; P < 0-01). The observed increases in sodium 
and bicarbonate excretion and in urine pH were not significant (P > 0-10). 
Anoxia with and anoxia without hypocapnia (III in Table 2) differed 
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significantly only with respect to urine pH (P < 0-05) and chloride 
excretion (P < 0:05; P < 0-05). The differences in sodium, potassium and 
bicarbonate excretion failed to reach significance level (0-10 > P > 0-05). 


TasBLE 2. Differences between procedures with respect to mean rates of water and solute 
excretion and urine pH. Initial rates (period 1) and changes occurring during the first and 
second 30 min intervals (periods 2 and 3) after ingestion of 500 ml. water. | 

Differences of means: 

I, between Anoxia with hypocapnia and controls; 

II, between Anoxia without hypocapnia and controls; 

III, between Anoxia with and Anoxia without hypocapnia; 

s.E, Standard error of mean of 6 observations, calculated from the residual error shown by 
analysis of variance. 

M.S.D. Minimal significant difference between means at stated level of probability, 
calculated as 2¢ x s.z. (10 degrees of freedom) 


‘Period dos 1 2 3 Period on ] 2 3 
Water 
(ml./min) pH 
I 0-10 0-42 2-45 I 0-20 0-56 0-31 
II 0-51 1-24 2-65 It 0-18 0-09 0-17 
0-59 0-82 0-20 0-02 0-47 0-14 
8.E. 0-153 0-395 0-505 0-211 0-126 0-212 
M.S.D.10% 0-39 1-01 1-29 M.S.D. 10% — 0-32 — 
5% 0-48 1-24 1-59 5% 0-40 
1% 0-68 — 220 1% —— 0-56 — 
lium Chloride 
(wequiv/min) (equiv /min) 
I 26 88 86 I 26 86 70 
ee 21 20 46 II 45 30 5 
47 68 40 Itt 71 55 66 
8.E. 30-5 23-9 20-6 S.E. 27-4 15-6 19-3 
M.S.D. 10% 61 53 M.S.D.10% 70 40 49 
5% — 75 65 5% 86 49 61 
1% a= 107 92 1% _ 70 86 
Potassium Bicarbonate 
(equiv /min) (yequiv/min) 
I 6 35 tone I 2 13 17 
II 20 9 13 II 6 3 12 
Ii 26 26 34 Iit 8 16 5 
8.E. 11-5 9-7 11-3 8.E. 6-3 5-9 5-0 
(m.s.D. 10% — 25 29 Mms8.D.10%. — 15 13 
5% — 31 35 5% — 18 15 


A complication in the comparison of the effects of anoxia with and 
without hypocapnia arose from the fact that by accident unconnected 
with the experimental procedures urine volume and sodium chloride 
excretion before exposure to anoxia, (period 1 in Table 2) were greater on 
the days when CO, loss was compensated than when it was not, and for 
the urine flow this difference was statistically significant (P < 0-05). The 
results in Figs. 5 and 6 are expressed as differences from the initial rates, 
and it is impossible to decide with certainty whether the effects of anoxia 
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were enhanced or diminished by being superimposed on higher starting 
rates of excretion. 


Absolute values for ammonium and hydrogen i ion excretion showed no 
clear differences in the two types of anoxia. Differences were better defined 
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Fig. 7. Relative changes in cation and anion excretion. The top line of histograms 
shows changes in the excretion of all estimated cations (Nat+K*++H++NHf) 
as @ percentage of their initial rate of excretion (period 1). The diagrams below 
show the fraction of the sum of cations represented by potassium, hydrogen ion, 
ammonium and sodium, respectively; and the fraction of the sum of cations 
balanced by bicarbonate, phosphate, and chloride respectively; U stands for ‘un- 
determined’ anions (sulphate and others) presumed to account for the difference. 
The results shown for control, anoxia with, and anoxia without hypocapnia are 
the mean values for six subjects; those for hypocapnia are mean values for two of 
the six who attempted unsuccessfully to match the hyperpnoea of anoxia by de- 
liberately overventilating with room air (cf. Table 1). 


when relative changes in the urinary cations were considered. In anoxia 
with hypocapnia the share of sodium and potassium in the total cation 
load increased at the expense of hydrogen ion and ammonium (Fig. 7), as 

it does, more markedly, during plain respiratory alkalosis. In anoxia 
without hypocapnia this was not the case. = — 
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Distress during anoxia 


In the preceding sections only those experiments were included in which 
anoxia was subjectively well tolerated; if it was not, different effects on 
renal excretion were observed. 

Subjects usually did not realize that they were not respiring ordinary 
air unless they experienced distress. Gas mixtures containing more than 
11% oxygen never caused distress; reactions to 11 and 10% oxygen 
with or without added CO, were variable; mixtures of still lower oxygen 
content were always found unpleasant, at least initially, until drowsiness 
or euphoria supervened. If anoxia led to an episode, however brief, of 
malaise, apprehension, excitement, vertigo, or nausea, polyuria either 
failed to develop from the start, or was abruptly converted to oliguria. 

In all but three out of sixteen experiments in which urine flow during 
anoxia was suddenly suppressed, this happened with little or no alteration 
in the excretion of creatinine. In all instances oliguria persisted after 
termination of anoxia, frequently for periods exceeding an hour; in water- 
loaded subjects diuresis would then reappear (Fig. 8). 

Despite the suppression of diuresis the response of the kidney to con- 
comitant hypocapnia remained intact in these instances, inasmuch as the 
fraction of the total cation excretion consisting of (H++NH,*) ions 
decreased while that of (Na++K+) ions increased (Fig. 8a and c). Ac- 
cording to whether hypocapnia was present or not, sodium excretion rose — 
more or less, and in most experiments remained elevated during the whole 
period of anoxia even though urine flow became inhibited. In a few 
instances in which anoxia led to a fall of blood pressure and pulse rate 
sodium excretion diminished with the urine flow and remained depressed 
_ for a variable length of time (Fig. 8d). A much more definite disturbance 
of sodium excretion was seen after syncope. 

Four subjects suddenly and without premonitory symptoms lost con- 
sciousness while breathing 10 or 11% oxygen. One felt too ill afterwards 
for observations to be continued, another could produce no urine during 
the next 4} hr. In the remaining two the course of events was very similar 
and is illustrated in Fig. 9a. After syncope urine flow dropped to a very 
low rate. Simultaneously with the inhibition of diuresis the urinary con- 
centration of sodium fell, and consequently renal sodium output dropped 
precipitously, not only in absolute amount, but also relative to other 
cations, with potassium becoming dominant (Fig. 9a). Recovery was still 
incomplete 2} hr after the faint and return to air breathing. , 

It was found that if a subject fainted while breathing room air, e.g. 
during venepuncture, this also was followed invariably by prolonged anti- 
diuresis and depression of sodium excretion. The effect of syncope was the 
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same whether it occurred before (Fig. 9b, c), during (Fig. 9a), or after 
(Fig. 9d) anoxia. 

In two subjects (four experiments) who had fainted before stating to 
inhale oxygen-deficient gas mixtures containing no added CO, the normal 
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Fig. 8. Effect of distress during anoxia on urine excretion after water load. In each 
diagram, from above downward: thin line, creatinine excretion ; ™ rate of urine flow; 
C] rate of sodium excretion: note different ordinate scales for a, and for b, c, d. 
Rectangles below, ion distribution, from above downwards: K+ (black), NH{ + H+ 
(white) and Na* (black), as fractions of total cation excretion. Duration of anoxia 
shown by hatched fields. No CO, was added to the oxygen-poor gas mixtures. — 

' Subject in experiment a drank 1000 ml. water at time marked by arrow; after 
45 min of anoxia he became agitated and started to sweat, but calmed down 
again almost at once and continued on low O,. Experiments b, c and d show effect 
of anoxia of increasing severity on excretory pattern of another subject who drank 
500 ml. water on each occasion immediately before period of anoxia. In experi- 
ment b she remained quietly seated throughout exposure; in experiment c polyuria 
started to develop but was suppressed when subject moved to collect urine speci- _ 
men during anoxia, Experiment d had to be interrupted and prematurely termina- 
ted, as shown, because of an abrupt fall in blood pressure and pulse rate. Subject 
experienced nausea and vertigo after return to air breathing but did not lose 
consciousness. 


‘response to hypocapnia during anoxia was almost or completely absent 
(Fig. 9c, d). This appeared to be the consequence of the powerful inhibition 
of sodium excretion following syncope. 

Urine flow and sodium output were not correlated with creatinine 
excretion on these occasions; nor did changes of sodium and water excre- 
tion go parallel to one another in all periods. — 
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Abnormal constituents in the urine 


Neither glucose nor protein were present in any of the urine specimens 
collected during this investigation. 
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Fig. 9. Effect of syncope on water se sodium excretion. Arrangement as in Fig. 8. 
Duration of anoxia shown by hatched fields. In experiments b, c and d no CO, 
was added to oxygen-poor gas mixtures. Subjects MC and PO’K drank 500 ml. at 
times shown by arrows; subject CRA 150 ml. 

In experiment a the subject fainted during anoxia. In experiments b and c the 
subjects fainted during venepuncture while breathing air normally approxi- 
mately 10-15 min before start of exposure to anoxia. In experiment d the subject 
felt faint and nauseated but did not lose consciousness during venepuncture 
before start of anoxia. He fainted when blood wag drawn 3 min after return to 
air breathing. 

DISCUSSION 

When air of low oxygen content is breathed the severity of the resulting 
anoxaemia is lessened if CO, is added to the inspired gas (Cormack, 
Cunningham & Gee, 1957). In order to induce the same degree of systemic 
oxygen lack in all experiments a mixture of lower oxygen content was 
therefore administered when CO, loss was being compensated. Since 
arterial blood was not analysed, no direct proof was obtained that the level 
of arterial saturation was in fact exactly the same in both types of experi- 
ment; but the outward signs of anoxia indicated that it must have been 
closely comparable. Cyanosis, pallor, drowsiness and impairment of 
bladder control were equally marked in the presence or absence of hypo- 
capnia, nor did administration of CO, alleviate anoxia sufficiently to 
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prevent fainting. It was unlikely therefore that the different effects on 
renal function of anoxia with and anoxia without concomitant hypocapnia 


_ should have derived from primary differences in the intensity of oxygen 


lack. 

Numerous authors have suggested that the increased excretion of 
sodium and potassium at simulated high altitude might be the result of 
respiratory alkalosis (Langley & Clarke, 1942; Ochwadt, 1947; Fishman 
et al. 1951; Axelrod & Pitts, 1952). By contrast, Berger et al. (1949) did 
not consider this possibility, and Selkurt (1953, 1954) thought that hypo- 
capnia played some part in the observed changes, but that in addition 


_ oxygen lack directly impaired the tubular reabsorption of sodium and 


potassium. Most of these workers and also Asmussen & Nielsen (1945) 
stressed that a great increase in chloride excretion takes place during 
anoxia. 

In the present experiments the rise of potassium excretion and the 
diminution in the excretion of (H++NH,"*) ions relative to (Na++K+) 
ions—changes which are characteristic consequences of respiratory alka- 
losis—disappeared when the development of hypocapnia during anoxia 
was prevented. The rise of chloride excretion also was no longer found, 
which suggested that it was in some way connected with hypocapnia. 
When hypocapnia was produced by forced breathing considerable in- 
creases in chloride excretion were indeed observed in the present investi- 
gation, and by others (Davies, Haldane & Kennaway, 1920; McCance & 
Widdowson, 1936). The phenomenon has no known explanation at present. 

In general, the results presented in Fig. 6 and Table 2 appeared to show 


that moderately severe systemic oxygen lack, as such, had little, if any, 


direct effect on renal electrolyte excretion, particularly in view of the 
greater urine volume. However, this cannot be asserted with full confi- 
dence, because of the residual changes in sodium excretion, and also 
because the statistical analysis did not reveal an unequivocal distinction 
in this respect between anoxia with and anoxia without hypocapnia. 
Acute anoxic anoxia outside the laboratory is always associated with 
hypocapnia. It was therefore of interest that in the present experiments 
anoxia did not interfere with the homoeostatic adjustments of electrolyte 
excretion which tend to restore acid/base cquilibrium in respiratory 
alkalosis. This was true (except after syncope), even if anoxia led to oli- 
guria and there was no over-all rise in electrolyte excretion. 
. As is shown in Fig. 5, anoxia with and without hypocapnia produced 
equal effects on urine flow, enhancing the diuresis after water ingestion. 
In the experiments with hypocapnia there was a greater increase in the 
excretion of solutes (Fig. 6), which might have been expected to cause a 


greater urine flow by their osmotic effect (Rapoport, Brodsky, West & 
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Mackler, 1949; Kleeman, Epstein & White, 1956). Interpretation is com- | 


plicated by the accident that resting urine flow before anoxia was different 
in the two sets of experiments. The possible reasons for the increase in 
urinary volume in these experiments will be much more extensively 
discussed in the following paper (Currie & Ullmann, 1961) in connexion 
with the observation that urine flow may rise in any circumstance in- 
volving alteration of respiration, even in the absence of anoxia or hypo- 
capnia. The experiments described in the present paper indicated that 
something other than hypocapnia may act to augment diuresis. 

Silvette (1944, b) has suggested that secretion of anti-diuretic hormone 
(ADH) might be impaired in anoxia. In the present investigation the 
diuretic effect of anoxia was found to be minimal in dehydrated subjects. 
If there was no concomitant hypocapnia it could be suppressed altogether 
by the intravenous injection of vasopressin (Ullmann, unpublished). The 
comparatively rare instances in which urine flow decreased during anoxia 
all followed episodes of distress, and the pattern of oliguria was typical of 
pituitary anti-diuresis. Evidently the neurohypophysis remained capable 


of discharging its hormone when suitably stimulated, despite severe © 


anoxaemia, and the cells of the kidney of responding to it. It remains 
possible, however, that anoxia diminished the basal rate of hormone release 
from the gland. | 

On the basis of animal experiments Stickney, Northup & Van Liere 
(1946) came to the conclusion that mild anoxia led to polyuria and severe 
anoxia to oliguria. This appears to be true for human subjects, because 
severe anoxia tends to cause distress. In the present experiments the effect. 
of distress on the excretory pattern during anoxia had at least two com- 
ponents. The first was inhibition of urine flow, to all appearances the 
consequence of a discharge of ADH from the neurohypophysis (Brun, 
Knudsen & Raaschou, 1945; Noble & Taylor, 1953). Oliguria. during 
anoxia was always preceded by some ‘emotional’ disturbance, or by vertigo, 
or by the vasovagal syndrome. It was only rarely associated with a fall of 
creatinine excretion, and if it was, the latter returned to control levels 
much earlier than the urine flow. Oliguria always continued after the 
cessation of anoxia. It was, therefore, not analogous to the rapidly rever- 
sible anuria which is the result of paroxysmal renal vasoconstriction in 
intensely anoxic anaesthetized animals (Franklin, McGee & Ullmann, 
1951; de Corral & Salces, 1955). There was nothing to distinguish oliguria 
during anoxia from antidiuresis mediated by the posterior pituitary in 
non-anoxic states. It is highly probable that the oliguria accompanying 
mountain sickness (Stampfli & Eberle, 1944) and dehydration at high 
altitude (Hunt, 1953) iflikewise the result of neurohypophysial stimulation. 
The second effect of distress was a profound depression of sodium excre- 
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tion which also would persist for an hour or longer after anoxia had 
ceased. This, unlike inhibition of urine flow, was never seen in distressed 
subjects unless they had fainted, or nearly fainted. In the only previously 
recorded instance of depression of sodium excretion following acute anoxia 
the subject had become apnoeic through forced breathing and finally lost 
consciousness (McCance, 1935). In the course of the present investigation 
it became clear that the stimulus was not antecedent anoxia as such, but 

vasovagal collapse, irrespective of whether this was brought on by 
systemic oxygen lack, or by ‘emotion’. 

Suppression of sodium excretion did not appear to be simply a conse- 
quence of the fall in urine flow after syncope. The two changes did not — 
always follow the same time course; sodium excretion was depressed 
relative to other cations; and not only the total output but the urinary 
concentration of sodium fell. It was also probably not directly related to 
changes in renal haemodynamics, because these are known to recover 
rapidly after vasovagal fainting (Brun et al, 1945; de Wardener & McSwiney, 
1951). ‘A long-lasting depression of sodium output with similar charac- 
teristics has been observed in various other conditions involving a transient | 
episode of hypotension, or of blood-pooling in the limbs (Assali, Kaplan, 
Fomon, Douglass & Tada, 1951; Chalmers, Lewis & Pawan, 1952), but by 
what mechanism the renal tubules are affected is uncertain. Even the 
combination of syncope and low arterial oxygen tension failed to cause 
anoxic damage in the kidney if absence of proteinuria and glycosuria 
after these episodes may be regarded as a sign of continued structural 
integrity. 
SUMMARY 

1, A study was made of the effects of acute anoxic anoxia with and 
without concomitant hypocapnia on the volume and composition of the 
urine of healthy human adults. 

2. The respired gas mixtures contained 14-8 % oxygen, usually approxi- 
mately 10%. Exposure to anoxia lasted one hour. 

3. The excretion of sodium, potassium, bicarbonate and chloride 
increased, and the ratio of (H+ +NH,*) ions to (Na+ +K*) ions decreased 
if anoxia was accompanied by hypocapnia. 

4. If during anoxia the development of hypocapnia was carefully 
ape only trivial alterations in urinary solute output were found. 

In most experiments anoxia led to polyuria and enhanced the 
ceil following ingestion of water. This could only in part be attributed 
to a rise in solute excretion, since it occurred equally in the presence and 
absence of hypocapnia, i.e. of large and small changes in solute output. The 
findings were consistent with the hypothesis that in acute anoxia the basal 


rate of secretion of antidiuretic hormone (ADH) may be diminished. 
28-2 
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6. If anoxia caused distress the subjects rapidly became oliguric. This 
appeared to be the result of a sudden discharge of ADH from the neuro- 
hypophysis. 

7. Fainting during anoxia was followed by profound oliguria and long- 
lasting, specific depression of sodium excretion. 

8. The changes in renal excretion which were associated with hyper- 
pnoea, hypocapnia, distress and the vasovagal syndrome in anoxia were 
the same as those which accompany these extra-renal disturbances if they 
arise from causes other than systemic oxygen lack. It appeared therefore 
that the intrinsic responses of the nephrons to those agents which modify 
their excretory and regulatory function were not defective in anoxia. 
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In the course of experiments on ‘the regulation of the blood’s alkalinity’ 
Davies, Haldane & Kennaway (1920) discovered that inhalation of CO,- 
enriched air led to a marked rise in urine flow, and that voluntary over- 
ventilation resulting in loss of CO, from the body also caused diuresis. 
Both observations have been repeatedly confirmed but not yet satis- 
factorily explained. Barbour, Bull, Evans, Hughes Jones & Logotheto- 
poulos (1953) shawed that during hypercapnia only water excretion was 
increased, while the rate of urinary solute output was not greatly altered. 
In acute hypocapnia, by contrast, both water and solute excretion are 
augmented (McCance & Widdowson, 1936), and it has been suggested that 
the increase in urine flow is merely the consequence of raised urinary 
electrolyte excretion (Stanbury & Thomson, 1952; Robinson, 1954). How- 


ever, increased solute excretion cannot be the only factor responsible for 


the diuresis, because very high rates of urine flow may also be encountered 
during or shortly after forced breathing at times when urinary solute 
excretion is not raised (Ullmann, unpublished). 

Changes in the rate of urine flow, which in pattern and time course 
closely resemble those occurring during CO, inhalation or during forced 
overbreathing, were found also in acute anoxic anoxia. There was usually a 
simultaneous rise in the excretion of electrolytes. If anoxia was produced 
by inspiring a gas mixture low in oxygen but containing sufficient CO, to 
prevent hypocapnia from developing there was little change in electrolyte 
excretion, but the urine flow still increased (Ullmann, 1961). 

Almost the only factor common to CO, inhalation, forced overbreathing, 
and acute anoxic anoxia is increased ventilation of the lungs. It was 
therefore of interest to determine whether hyperpnoea as such had some 
influence on the rate of urine formation in the absence of any concomitant 
changes in blood gas tensions. We first approached this problem by ob- 
serving the renal effects of voluntary overventilation with air to which 
sufficient CO, was added to prevent respiratory alkalosis. 

* Present address: Surgical Unit, St Thomas’s Hospital, London, S.E.1 
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METHODS 


Subjects. The subjects were healthy adults of both sexes, aged 18-45 years. Excepting the 
authors, they had not taken part in previous experiments and did not know the purpose of 
the present ones. They were asked not to drink tea or coffee during the 12 hr period pre- 
ceding and not to smoke during experiments. Apart from this, their activity, diet, and fluid 
intake was not controlled unless otherwise stated. The same individuals took part in ‘control’ 
and serial ‘experimental’ runs, which were performed in randomized sequence, and always 
at the same time of day. Details of experimental routine varied, and will be given in the 
text. 

Recording of respiration. The apparatus used for administering various gas mixtures and 
for continuously sampling and analysing end-expiratory air was described in the preceding 
paper (Ullmann, 1961). Some additions were made for the present investigation. 

The wide-bore tubing conveying expired air from the valve was connected via a moisture 
trap to a gas flowmeter having a resistance of less than 50 mm H,0O at a steady flow rate of 
200 1./min (Model C4, made by Messrs Parkinson and Cowes). The exit tube from the CO, 
analyser was joined to the inlet tube of the flowmeter so that the side-tracked end-tidal 
air sample was returned to the main stream of expired air going to the meter. A tambour 
carrying a pointer was connected to the Rahn—Otis sampler and served to record respiration 
rate on a smoked drum. In this manner continuous records of respiration rate, total pul- 
monary ventilation and tidal volume were obtained, together with the minute-to-minute 
values of end-expiratory CO, concentration. 

Recording of intraoesophageal pressure changes. Intraoesophageal pressure changes during 
the respiratory cycle were recorded either by means of a water-filled catheter, as described 
by Dorhnorst & Leathart (1952), or in later experiments with an air-filled balloon, 15 cm 
long and having a diameter of 0-6 cm (Mead, McIlroy, Selverstone & Kriete, 1955). Respira- 
tory pressure fluctuations were measured with a capacitance manometer (Southern Instru- 
ments Co.) and recorded by pen writer on very slowly moving paper or by er and 
camera on fast-moving paper. , 


Experimental modifications of 
Hyperpnoea. The volume of ventilation was increased by voluntary forced breathing paced 
by a metronome, by inhalation of 5—-6% CO,, or by inhalation of 10-11% oxygen. 
Breathing against resistance. The minimal resistance of the external respiratory circuit 
consisted, on the inspiratory side, of the combined resistances of the thin rubber flap on the 
inspiratory side of the Siebe—Gorman valve and the wide-bore tubing leading to it from the 
gas reservoir; and on the expiratory side of the combined resistances of the expiratory 
rubber flap on the valve, of the flowmeter, and of the connecting tubing. The resistances of 
tubing and flowmeter were negligible and almost the entire resistance due to the basic 
external respiratory circuit resided in the rubber flaps of the valve. Added external — 
resistances were always placed in the inspiratory pathway. External expiratory resistance 
was kept constant at the minimal level. 

Added inspiratory resistances were of two kinds, non-elastic and elastic; the former were 
graded low (L), moderate (M), and high (H). The low non-elastic resistance was simply the 
minimal inspiratory resistance of the circuit. Moderate resistance was produced by placing 
three rubber flaps instead of one on the inspiratory side of the Siebe—-Gorman valve. The high 
resistance was an 8 cm length of glass tubing inserted into the external airway approximately 
30 cm above the inspiratory valve. Depending on the size of the subject, tubes with an 

internal diameter of 3 or 4-5 mm were used. 

When breathing against an added external elastic resistance (negative-pressure breathing) 

_ the subjects inspired not from the usual reservoir bag but from a ventilated tank of 198 1. 
capacity in which the pressure was kept 12-15 cm H,0 below atmospheric (T). The procedure 
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differed from ‘negative pressure breathing’ as ordinarily understood in that expiration was 
to the atmosphere through the usual expiratory pathway, and not back into the evacuated 
tank. The same Siebe-Gorman valve was used as in all other experiments. 

Urine specimens. Timed samples were voided into graduated cylinders. These contained 
liquid paraffin if urinary pH or bicarbonate content was to be determined. Subjects unable 
to empty the bladder completely at specified times were excluded. Estimations of sodium, 
potassium and creatinine concentration, and of the pH and total osmolarity of the urine 
were carried out by the methods listed in the preceding paper (Ullmann, 1961). No blood 
samples were taken, in order to avoid accidental ‘emotional’ antidiuresis resulting from 
venepuncture. 


RESULTS 


Sixteen paired preliminary tests were carried out with the subjects 
seated ; in eleven of these the volume of urine excreted when the subjects 
deliberately overventilated exceeded considerably the urine output in 
control runs. Though not conclusive in themselves these results suggested 
a possible association of hyperpnoea and polyuria which was partially 
masked by other factors. It was decided to conduct further experiments 
with the subjects recumbent, because Barbour et al. (1953) had emphasized 
that inhalation of CO, led to diuresis only when the subjects were supine 
but. not when they were seated. 


Experiments on recumbent subjects 


Six subjects were studied of whom only two had taken part in the preliminary tests. They 


¢ame to the laboratory 2 hr after breakfast and lay down on a couch with the head raised 
just sufficiently to allow them to read. They were given nothing to drink during the entire 
period of observation. Urine samples were collected at 15 min intervals, the subjects getting 
up to void. | 

The number of procedures used to induce hyperpnoea, and the number of experiments 
with one individual varied. The start of any experimental procedure was delayed, usually 
for 2-3 hr, until the spontaneous initial diuresis which occurs on changing from the upright 
to the recumbent posture had subsided (Barbour e¢ al. 1953). Only after three or more 
consecutive periods of falling rates of urine flow was forced breathing (or some other test 
procedure) begun; it was then continued for three urine-collecting periods (45 min), and 
followed by further observation for at least 30 min afterwards. 

_ In experiments involving forced overbreathing or anoxia the CO, content of the inspired 
gas was continuously adjusted in the manner described in the preceding paper (Ullmann, 
1961). The aim was to maintain the end-expiratory pCO, constant at the value found before 
the change of respiration, or preferably 2 mm Hg above this level. This was readily achieved 
in anoxia. During the first 10-15 min of voluntary overventilation, however, fluctuations 
in the end-expiratory CO, level could not always be prevented, because of the much more 
rapid and unpredictable rate of CO, loss from the blood. But it was always possible to 
maintain the mean end-expiratory pCO, during hyperpnoea within +0-5 mm Hg of the 
mean resting value. End-expiratory pCO,, respiratory minute volume, and respiration rate 


were recorded from the time the initial spontaneous diuresis began to decline until the end 
of observations. 


Figure 1 shows the changes in the rate of urine flow elicited by voluntary 
overbreathing in twelve experiments on six subjects. Mean respiratory 
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minute volumes during forced breathing were 1-9-4-5 times greater than 
the corresponding mean resting values. 

In nine of the experiments illustrated the subjects were instructed to 
overventilate slowly and deeply, and in all these hyperpnoea led to a rise 
in urine flow which was of the same order of magnitude as, or greater than, 
the initial ‘spontaneous’ recumbency diuresis. In three further experi- 
ments the subjects achieved similar increases of ventilatory minute volume 


JT 


Rate of urine flow (ml./min) 
ON A OD ON OO 


Thr 
Fig. 1. Effect of voluntary forced breathing without hypocapnia on the urine 
flow of recumbent subjects. Subjects started breathing through the valve at zero 
time. No water given before or during period of observation. Period of over- 
breathing, shown by hatched fields, began after initial recumbency diuresis had 
subsided. pCO, kept constant. F + S, fast and shallow breathing. 


by breathing rapidly with a low tidal volume; on these occasions, however, 
no definite polyuria developed and only a reversal of the downward trend 
of excretion was found. 

Figure 2 shows a comparison between forced breathing and CO, inhala- 
tion in the course of a single experiment. In Fig. 3 the effects of forced 
breathing, CO, inhalation, and inhalation of 10% oxygen are compared, 
one subject being tested on three separate occasions. Despite high urine 
volumes at the start, the diuretic effect of all three experimental proce- 
dures was marked, and of similar magnitude. In the examples shown 
urine flow increased from 1-80, 2-35, and 2-20 ml./min during the last pre- 
ceding period to 6-75, 6-35, and 9-55 ml./min during hyperpnoea. On all 
three occasions it fell off again rapidly as soon as normal breathing 
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recommenced. Total solute excretion rose at the same time, from 0-75, 0-80, 
and 0-77 m-osmole/min to 1:12, 1-34, and 1-95 m-osmole/min, about 3/4 of 
the change being accounted for by electrolytes [2(Na+K)]. There were no 
obvious changes in urine pH or creatinine excretion. These findings were 
typical of all similar experiments. ~ 
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Fig. 2. A single continuous experiment showing in succession the spontaneous 
diuresis of recumbency, the polyuria elicited by forced breathing (FB) without 
hypocapnia, and polyuria elicited by CO, inhalation (5-5% CO,). pCO,, end- 
expiratory CO, tension. The subject lay down and started valve breathing at zero 
time: duration of experimental procedures shown by hatched fields. He drank 
150 ml. water 24 hr before zero time, but had no other eae since the previous 
evening and none during the experiment. 


The polyuria which developed during hyperpnoea was not related in 
magnitude to the increase of respiratory minute volume or change in end- 
expiratory pCO,. Nor could a definite correlation between the changes in 
rate or depth of breathing and the rise of the diuretic response be estab- 
lished, even though it appeared that hyperpnoea was relatively ineffective 
when breathing was shallow (Fig. 1). Deliberate fast and shallow respira- 
tion gives rise to a feeling of suffocation and is difficult to maintain for 


long periods. It was not clear whether this circumstance or the fact that — 


the tidal volume was kept small was responsible for the diminished effect 
(Table 1). 
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The response of an individual to the same procedure was not constant 
from day to day. If the spontaneous diuresis on lying down was large the 
polyuria later induced by hyperpnoea was usually also large, and con- 
versely (Fig. 1). The incidence and size of recumbency diuresis was itself 
variable, depending primarily on the subject's state of hydration, but also 
on other less obvious influences. In order to determine whether changes in 
the rate of urine flow on lying down would tend to become enhanced or 
suppressed with repetition of experiments, each of four additional subjects 
was studied on four consecutive occasions. No systematic trend became 
apparent with the limited number of trials. — 


TaBLE 1, Change in urine flow during hyperpnoea. Subjects recumbent. Highest rate 
during or immediately after experimental procedure as percentage of rate of flow during 
last period preceding altered respiration. Corresponding values for control runs 


Subject 

Procedure TJ JOH IT RW MC JC 

Control | 82 115 112 67 100 165 

80 103 129 81 100 145 

Forced breathing : 129 326 842 233 184 274 

slow and deep — 134 230 

Forced breathing: 185 122 128 

_ fast and shallow 

Breathing 5-6 % CO, <i 159 273 a 300 408 

Breathing 10-11% O, 133 —. — 231 474 425 

Normal breathing through 70 170 250 170 338 235 
valve 


In all experiments hitherto discussed the subjects breathed air normally — 
through the valve and mouth-piece from the moment they lay down. It 
was found that, if they started to breathe through the valve only after the 
spontaneous recumbency diuresis had subsided, valve-breathing by itself — 
led to renewed polyuria. Two examples of ‘valve diuresis’ are illustrated 
in Fig. 4. One of them shows that if a subject continued to breathe through 
the valve the polyuria gradually subsided. The rise of flow was comparable 
in every way with spontaneous ‘recumbency’ diuresis and also with the 
response elicited by ‘hyperpnoea’. However, the rate of ventilation was 
not increased by valve-breathing. This suggested that the operative factor 
during valve-breathing and in the various types of hyperpnoea might be a 
mechanical change in the thorax associated with the increased airway 
resistance. To investigate this possibility the intrathoracic pressure and its 
_ variation during the respiratory cycle was recorded in all later experiments. 
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Fig. 3. Comparison of the effects of CO, inhalation 6 % CO,), forced breathing 
(FB) and anoxia (10 % O,) on urine flow. Three experiments on one subject, who on 
all occasions lay down at zero time and immediately started to breathe through the 
valve. Duration of experimental procedures shown by hatched fields. Abscissa, 
hours. pCQO,, end-expiratory CO, tension. Lower histograms show rate of total 
solute excretion. The thin line indicates electrolyte output, calculated as 2(Na+K). 
200 ml. milk 2 hr before start of observations on all occasions, but no other fluid 
during 18 hr preceding and none during the experiments. 
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Fig. 4. Palyeta as the result of recumbency, and of breathing through the valve 
and mouthpiece used to administer gas mixtures. Except during periods shown 
by hatched fields the two subjects breathed normally without valve; — were 
supine from zero time onward. No fluid given. 
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When the subjects began breathing through the valve at the time they 
lay down ‘valve diuresis’ and spontaneous recumbency diuresis merged, 
and later subsided together. Urine flow would rise again subsequently 
- only with further modification of respiration (Figs. 1, 2, 3). 


Experiments on non-recumbent subjects 


It was found that in non-recumbent subjects, also, water excretion was 
consistently enhanced during experimental modifications of respiration, 
provided they were given water to drink before the period of altered 
breathing. Two series of experiments were performed in which the subjects 
were seated. In the first the influence of altered breathing on the diuretic 
response to a small initial water load was tested; in the second its effect 
on a moderate, but long-maintained diuresis. 


Effect of altered breathing on the excretion of a single 
small water load 


Eight subjects were studied including three who had taken part in earlier tests. The subject 
emptied his bladder immediately after the introduction of a water-filled polythene catheter 
into the oesophagus. The first urine sample was collected 60 min later and the subject then 
drank 500 ml. of water. The next hour was subdivided into 2 urine collecting periods of 
30 min and was occupied by the test procedure, if any. There followed a final period of 30 min, 
the catheter being withdrawn at the end. The subjects were seated throughout, but stood up 
to void. 

‘Control’ observations were of two kinds: (a) the subject breathed air normally without 
valve during the whole 2} hr (C); (b) the subject breathed air normally, but through the 
valve and mouth-piece, i.e. through a low non-elastic external airway resistance (L). 
Valve-breathing was begun 15 min after the start and continued till 15 min before the end 
of che 24 hr of observation. The valve was used for the same length of time if breathing was 
experimentally modified during the second hour. 7 

The following experimental procedures were used: (a) voluntary overventilation, pCO, 
kept constant as previously described (FB); (b) inhalation of 10% oxygen in nitrogen, pCO, 
kept constant (—QO,); (c) inhalation of 5—6 %, CO, in air (CO,); (d) breathing against a high, 
non-elastic inspiratory resistance (H). Except in one single experiment, which was rejected, 
breathing against external resistances did not cause a change in the minute volume of 
ventilation, nor in the end-expiratory pCO,. It was therefore not necessary to add CO, to 
the inspired air in these experiments. | 

Except for brief interruptions during voiding, and while the calibration was checked, the 
pressure changes in the oesophagus were recorded continuously for 2} hr, including at least 
15 min of normal respiration before and after the valve was in use. The amplitudes of all 
recorded breaths were measured (Dornhorst & Leathart, 1952). 


Water excretion. The percentage of the water load excreted in 90 min in 
excess of the initial urine flow was calculated and results from all individuals 
in a group were averaged. All modifications of breathing augmented 
diuresis, there being little difference in the effectiveness of the four pro- 
cedures, Merely breathing air through the valve produced an effect almost 
as great as that found when additional respiratory manceuvres were 
employed (Fig. 5). 
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The results were submitted to analysis of variance and the significance 
of the differences was assessed by Student’s ¢ test in the manner of the 
example illustrated in the previous paper (Ullmann, 1961). The differences 
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Fig. 5. Effect of altered breathing on the excretion of water, total urinary solute 
and sodium during 90min after drinking 500 ml. water. Average values for 
groups of subjects calculated as excess over the control rates before water in- 
gestion. The broken vertical line to the left of each group of means shows 8.£. of 
mean; that on the right the minimal significant difference at the 5% probability 
level. (), control, normal breathing without valve. Z, control, normal breathing 
through valve used in experiments. ™, experimental procedures: FB, forced 

breathing, pCO, kept constant (six subjects); H, high external inspiratory re- 
sistance (8 subjects); CO,, breathing 5-6 % CO, (6 subjects); - O,, breathing 10 % 
oxygen in nitrogen, pCO, kept constant (5 subjects). 


in water excretion between control and experimental runs were significant 
statistically with each of the experimental procedures (P < 0-02 or 
P < 0-01); differences between experimental runs and control runs in 
which the valve was used were not; and in three out of the four groups the 
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difference between control runs with and without the valve was significant 
(P < 0-05 or P < 0-01). 


Solute excretion. During all experimental procedures as well as during 
simple valve breathing the excretion of osmotically active solute in the 
90 min after water ingestion was greater than during the control diuresis 
(Fig. 5). The excretion of sodium was also greater, except during forced 
breathing. Potassium excretion was slightly depressed by CO, inhalation 
but remained unaffected by all other procedures. In contrast to the aug- 
mentation of diuresis, however, the changes in solute excretion were not. 
statistically significant, even at the peak of the diuresis when the dif- 
ferences were largest. There were no statistically significant differences in 
the initial excretion rates of water and solute which were used as the 
reference level. 

In repeated experiments on one subject 37-5, 94-5, and 111-2 % of the 
water load, on average, was excreted respectively in five control runs 
without valve, four control runs with valve and four experiments in which 
each modification of breathing was used once; the differences between 
the first and both other means being significant (P < 0-01). 


Effect of altered breathing on maintained water diuresis 

Five subjects were studied, two of whom had taken part in earlier experiments. They 
drank 7 ml. water/kg body weight at zero time; the balloon for recording intracesophageal 
_ pressure was introduced at the same time. Subjects unable to swallow it without distress 
or retching could not be used. 

The water load was maintained for 44 hr by drinking every 30 min as much fluid as was 
excreted. Urine was collected at 30 min intervals throughout. If 14 hr after zero time no 
diuresis had developed observations were not continued; if diuresis was satisfactory test 
procedures were begun 2 hr after zero time and continued for 2 hr; then followed a final 
30 min without procedure. 

During the first 2 hr the subjects always breathed normally without valve. No experi- 
' tnents involving forced overbreathing or low oxygen inhalation were carried out because of 
the long duration of the ‘experimental’ stage. Test procedures were chosen with the inten- 
tion of producing graded increases in intrathoracic respiratory pressure fluctuations. They 
were, in addition to two control. runs per subject in which breathing remained normal 
throughout: (a) breathing through a low, moderate or high external airway resistance 
(L, M, H), the ‘low’ resistance being the usual valve; (b) ‘negative pressure breathing’ (T), 
i.e. breathing from a tank in which the pressure was 12-15 cm H,O below atmospheric; 
(c) breathing 5-6 % CO,. The order was randomized and the usual precautions observed. 

In addition, observations were made with the subjects breathing normally without valve 
but supine (S) during the 2 hr ‘experimental’ period. This was done in order to compare 
quantitatively the excretory changes associated with alterations of respiratory pattern and 
the better known phenomenon of spontaneous recumbency diuresis. At all other times in 
this. group of experiments the subjects were seated, and stood up to pass urine. 


Water excretion. The magnitude of the diuresis in the first 2 hr varied 
widely even in the same subject, as in Fig. 6. Figure 6 shows that all 
experimental procedures enhanced the diuresis in this subject, except 
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negative-pressure breathing, which he found suffocating and which caused 
a transient antidiuresis. Usually all the procedures led to a rise in the urine 
volume, as is shown in the collected results in Fig. 7. In preparing Fig. 7 
the highest rate of urine flow during the preliminary 2 hr was taken as the 
basis of comparison, and the mean rate (columns) and highest rate (circles) 


during the experiment expressed as a percentage of this. Points or columns | 
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Fig. 6. Effect of altered breathing ou maintained water diuresis. Ten experiments 
on subject R. In each record, from above downward: total solute excretion (heavy 
line); creatinine excretion (thin line); urine pH (@); rate of urine flow (histogram). 
The thin vertical lines show duration of experimental procedures. C, control; 

_L, M, H = low, medium, high external airway resistance; 8, supine, normal 
breathing; CO,, breathing 6% CO,; T, breathing from tank evacuated to 150 mm 
H,0 below atmospheric pressure. 

Broken horizontal lines correspond to highest rate of urine flow (= 100%) 
during first 2 hr after drinking water load (arrow). Hatched areas show excretion 
in excess of this during second 24 hr. Whatever the size of the initial diuresis, in 
the later stages urine flow increased more than in control runs during all experi- 
mental procedures except negative pressure —s (T) which in this subject 
led to anti-diuresis, 


above the 100% line show increased diuresis during the second 2 hr of 
observation. On the three occasions where external resistances (L, M, H) 
did not augment diuresis the initial diuresis was close to a maximal rate 
which could not be exceeded in this subject even if he was given much 
larger water loads. The enhancement of water excretion in the remaining 
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experiments was not large on a percentage basis, but owing to the high 
rates of urine flow prevailing at the start the additional volume of fluid 
eliminated in the course of 2} hr was appreciable. | 
The significance of differences in water excretion in control and experi- 
mental runs was assessed by Student’s ¢ test, using the method of paired 
_ experiments. The enhancement of diuresis was significant in the statistical 
sense only with two of the procedures. These were, breathing through a 
‘moderate’ external airway resistance (+40 %; 8.D. + 28:3; P < 0-05), and 
lying supine (+27%, 8.D.+5:-5; P < 0-02). Too few experiments were 
carried out in this series for a valid comparison of the effectiveness of 
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Fig. 7. Effect of altered breathing on maintained water diuresis. Summary of 
results. Mean rate of urine flow (columns) and highest rate of urine flow (circles) 
as percentage of highest rate (100%) during the first 2 hr of observation. 1, 
controls (C); ™, altered breathing (L, M, H, T, CO,); J, supine, normal breathing(S). 


CLM C LMT CLMHTSS 
U 


different respiratory manceuvres, but it was clear that no one procedure 
led to a strikingly larger polyuria than the rest. 

Solute excretion. During all experimental procedures total urine solute 
output remained constant or fell.. Urine pH remained constant or under- 
went only such fluctuations as were found during control runs. Similarly, 
urinary creatinine output did not differ systematically from controls and 
did not parallel changes in rate of urine flow. 


Respiratory oesophageal pressure variation and its 
relation to the changes in excretion 
The amplitude of the respiratory pressure variation in seated subjects 
at rest averaged 39:0 and 40-5 mm H,0 during normal breathing in the two 
series of determinations. The amplitude was increased by all experimental 
procedures. Breathing through the valve caused an average increase of 
10mm H,0O in the first series and of 14:8 mm H,0 in the second. The 
larger change in the longer experiments was probably due to increasing 
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valve resistance owing to progressive deposition of moisture on the rubber 


flaps. 


Other modifications of breathing were associated with greater average 
changes in amplitude. The scatter of individual results in one series of ex- 
periments is recorded in Fig. 8; it was similar in the other. Figure 8 also 
shows that the proportion of the respiratory cycle during which the 
oesophageal pressure was lower than in expiration became longer with 
all experimental procedures employed except negative pressure breathing 
(T). This had the opposite effect, prolonging the expiratory pause. 
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Cc L M H T CO, S 
Fig. 8. Change in (a) amplitude of respiratory pressure swing and (6) duration of 
inspiratory phase of cycle during second 2 hr of observation compared with mean 
value during first 2 hr and final 30 min. Each dot gives the average value for one 
subject; bars the group averages. Same experiments as in Fig. 7. 


In the supine posture, with the subjects breathing normally without | 
valve (8), both amplitude of pressure swing and duration of inspiratory 


phase were increased, the former almost to the same extent as, and the latter 
rather more than when the subjects breathed through a moderate external 
airway resistance (M) while seated. Asis shown in Table 2, the enhance- 
ment of diuresis by various respiratory manceuvres and the changes in 
intrathoracic (oesophageal) pressure fluctuations accompanying them were 


not directly related quantitatively. Water excretion was increased by valve- 


breathing when the pressure fluctuation was increased by 10-15 mm H,0, 
i.e. by approximately 25% of the resting amplitude. When 10% oxygen 
was breathed or a moderate airway resistance was used there was an increase 
of 25-30 mm H,0, or 50-60% of the resting amplitude of the pressure 
swing, and the diuretic effect was somewhat larger; but the still greater 
changes associated with CO, inhalation, negative-pressure breathing 
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(T) or high airway resistances (H) did not lead to further, proportion- 
ately greater excretory changes. Duration of inspiratory negativity, or 
various other functions involving both amplitude and duration of the 


\' TaBLEe 2, Relation between respiratory and excretory changes. 
Average increase over control values 


Single water load Maintained diuresis 
A Oesophageal A Excretion: A Oesophageal A Excretion: 
pressure (% of pressure (% of 
No. of variation water No. of variation reference 

Procedure expts. (mm H,QO) load) expts. (mm H,0) value) 
L 8 10-0 30-3 5 14-8 27 
M — — — 5 24-8 40 
—O, 5 26-0 36-5 
CO, 6 66-0 37-4 3 76-0 42 
FB 6 92-0 44-7 
T — — — 4 92-0 10 
H 8 141-0 36-1 e 81-0 77 
— — 3 20-8 27 


pressure ehange correlated no better with the size of polyuria. In the first 
two series of experiments insufficiency of water in the body might have 
been the reason why diuresis did not continue to increase with increasing 
respiratory changes; but during maintained water diuresis a third of the 
water load remained to be excreted, on average, at the end of every 30 min 
period, and therefore the lack of quantitative correlation between the 
excretory effects and all measured respiratory variables must have had 
some cause other than progressive dehydration. 


DISCUSSION 


_ The experiments described gave no direct information about the immedi- 
ate cause of the rise of urine flow which accompanied modifications of 
breathing. It seemed very unlikely that the polyuria was of ‘emotional’ 
origin because it occurred in a large number of subjects, all but two of 
whom knew nothing about the purpose or probable outcome of the experi- 
ments; on the rare occasions when a subject felt uncomfortable or appre- 
hensive, urine excretion was suppressed and not enhanced. It was thought 
that the psychological effect of a raised airway resistance, even if not con- 
sciously appreciated, might result in overbreathing, but no evidence of 
this was found and the rise of urine flow could thus not be attributed to 
respiratory alkalosis. 

The question whether the primary effect of altered breathing was on 
solute or on water excretion was important. Solute excretion increased 
when respiration was modified in some, but not in all experiments. If it 
did, the peak rates of solute excretion amounted to less than twice the 
resting rates, in contrast to manifold simultaneous changes in the rates of 
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urine flow; nor were increases in total solute or sodium excretion signifi- 
cant statistically. Nevertheless, the possibility that the increase of urine 
flow was an osmotic diuresis could not be ruled out definitely on these 
grounds alone, because it is unknown how much water is the minimum 
necessary for excretion of a given amount of solute by subjects in normal 
fluid balance. 

It seemed possible that some of the change in solute output was the 
consequence rather than the cause of the change in urine flow. Solute 
excretion increased if the urine flow rose rapidly from a low initial level, 


that is, in circumstances when sodium and urea previously accumulated in ~ 


the distal tubules and medulla in high concentration are flushed into the 
urine. For instance, the increase of urine flow which followed the drinking 
of 500 ml. water in control experiments was always accompanied by an 
increase in the excretion of solutes, although both rise of urine flow and 
rise of solute output were smaller than during experimental procedures. 
Furthermore, in the last series of tests, in which respiratory manoeuvres were 
not started until some time after water diuresis was fully established, only 
the initial development of diuresis was accompanied by an increase of solute 


excretion; but when subsequently, during altered breathing urine flow rose 


still higher there was no further increase, and often a decrease, of solute out- 
put. This showed clearly that the enhancement of water excretion associated 
with altered respiration was not dependent on an augmented loss of solute. 

All alterations of breathing which led to polyuria caused an increase in 
the amplitude of the respiratory variation of intrathoracic pressure. This 
might have given rise to circulatory changes which in turn affected 
glomerular filtration. This was not measured in the present experiments, 
and may or may not have been altered; but one would expect commen- 
surate changes of solute and water excretion as the result of increased 
filtration, and these were not found. 

Several features of the polyuria suggested that it might have been the 


result of some diminution of circulating anti-diuretic hormone (ADH).. 


There was usually a delay of 20-30 min after the start of altered breathing 


_ before urine flow began to rise, although in recumbent subjects this was not 
invariably seen. As already discussed, changes of respiration promoted 


‘water’ rather than ‘solute’ excretion. They had little or no influence on 
urine flow when subjects were dehydrated, or in circumstances likely to 
evoke an ‘emotional’ discharge of ADH. The higher the initial water load 
the smaller, in relative terms, was the enhancement of water excretion 
caused by altered breathing. 

Recent careful work by Murdaugh, Sieker & Manfredi (1959) and the 
observations of Boylan & Antkowiak (1959) have made it virtually certain 
that the diuresis which develops in man and dog during negative-pressure 
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breathing (Sieker, Gauer & Henry, 1954) is due to lack of circulating ADH. 
Henry, Gauer & Reeves (1956) and Henry & Pearce (1956) have assembled 
much cogent evidence for their hypothesis that the secretory activity of 
the neurohypophysis may become reduced by inhibitory afferent nerve 
impulses which travel in the vagi and arise in deformation receptors 
situated in the left atrium. These are believed to be stimulated by dis- 
tension, negative-pressure breathing leading to diuresis because a larger 
volume of blood fills the left atrium when intrathoracic pressure becomes 
more negative. 

The findings reported in the present paper are consistent with the 
hypothesis that altered breathing affected urine excretion by the same or 
a closely similar mechanism. In all modifications of breathing studied by 
us intrathoracic pressure was lowered intermittently and not con- 
tinuously, as in the experiments of Sieker et al. (1954). All the same, by 
augmenting periodically the vis a fronte this would tend to bring more 
blood into the thorax. Mean intrathoracic pressure probably fell also 

(Eckstein & Hamilton, 1958) although this could not be deduced with 
- certainty from records of intraoesophageal pressure alone. 

If it was the increased inflow of blood into the thorax which caused 
polyuria in our experiments, the observed lack of quantitative correlation 
_ between changes in intrathoracic pressure variation and diuretic effect 
would appear to be attributable directly to the limited efficacy of the 
‘respiratory pump’ (Brecher, 1956). It would also seem that the mechanism 
must be more sensitive than previous work has suggested. In the present 
experiments an increase in intrathoracic pressure variation of 25-30 mm 
H,0 or less, was accompanied by changes in urine flow entirely comparable 
in magnitude and time course to the polyuria described by workers who 
employed either continuous external negative pressures in the range — 6 
to -22 mm Hg, or rapid oscillations of + 20 mm Hg in the pressure of the 
inspired air around a mean value set at various levels (Sieker ‘et al. 1954; 
Surtshin, Hoeltzenbein & White, 1955; Love, Roddie, Rosensweig & 
Shanks, 1957; Murdaugh et al. 1959). In view of our finding that merely 
breathing through a low external airway resistance will alter the rate of 
urine flow it is possible that the polyuria observed by these investigators 
was also, at least in part, due to the resistance of valves and external 
airways, and only in part to superimposed pressure shifts or pulsations. 

It has been suggested that recumbency diuresis itself is the result of a 
diminution in ADH secretion induced reflexly by the greater filling of the 
thoracic vasculature in the supine posture. In our experience the diuretic 
effect of altered breathing was more definite in recumbent subjects than in 
subjects who were seated, unless the latter had been given water to drink 
just before the experiment. It seemed that the mechanism concerned could 
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cause an appreciable loss of water from the body only after some prelimi- 
nary lowering of ADH activity. This may be of importance in the evalua- 
tion of the hypothesis of Gauer & Henry (1956), who have proposed that 
reflexes arising in the chest—and accidentally activated by negative- 
pressure breathing—play a part in the normal regulation of body fluid 
volume. 


. SUMMARY 


1. It has been shown that voluntary forced breathing, and breathing 
through external non-elastic airway resistances lead to a rise of urine 
flow. It was confirmed that acute anoxic anoxia, CO, inhalation, and 
negative-pressure breathing will do likewise. 

2. All experimental modifications of breathing studied were equally 
effective in increasing water excretion. Polyuria did not depend on altera- 
tions of the volume of ventilation, tidal volume, rate of breathing, or on 
chemical changes in the blood. . 

3. A factor common to all procedures listed was augmentation of the 
respiratory fluctuation of intrathoracic pressure. 

4.. Such changes in sodium or total solute excretion, or in urine pH, as 
were observed were not statistically significant and not consistently related 
to increases in urine flow. 

5. The findings were consistent with the hypothesis that during experi- 
mental modifications of breathing the secretion of antidiuretic hormone 
may be reduced by a reflex starting in intrathoracic deformation receptors, 
which are stimulated by increased filling of some portion of the central 


vascular bed when the respiratory intrathoracic pressure variation is 
increased. 
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Experimental evidence concerning the exchange of materials between 
the circulating plasma and the tissue fluid supports the view that in the 
capillary wall there are pores through which diffusion of the small mole- 
cules and ions is relatively free, whereas diffusion of larger molecules is 

restricted (cf. Pappenheimer, 1953; Yoffey & Courtice, 1956). Pappen- 
 heimer postulated that pores of 60-90 A in diameter in the capillaries of 
the preparation that he used, the mammalian hind leg, would account for 
the observed rates of transfer across the capillary wall of water and of 
lipid-insoluble molecules of various:sizes. The position of these pores has 
not been clearly defined, although Chambers & Zweifach (1947) gave 
evidence which suggested that they were confined to the intercellular 
substance. Pappenheimer’s experiments supported this view in that the 
total area of the pores was such that they could be limited to this region. 

This concept of capillary permeability has been challenged in recent 
years by several workers using the electron microscope to determine the 
fine structure of the vascular endothelium. Bennett, Luft & Hampton 
(1959) have classified capillaries, according to the structure of the endo- 
thelium, into three main classes as follows: first, those in the liver and 
spleen, where there are intercellular gaps up to several thousand A across, 
secondly, those in such tissues as the small intestine, kidney, parathyroid 
and hypophysis, in which intracellular fenestrations of 300-600 A in 
diameter have been observed, and finally those in which there are no inter- 
cellular or intracellular pores. The third class is found in cardiac and 
skeletal muscle, lung, nervous system and skin, and in the endothelial 
cells of these capillaries there are numerous vesicles of endoplasmic 
reticulum, 200-600 A in diameter. The basement membranes lining these 
different types of capillaries may also vary considerably in thickness and 
differentially affect the passage of materials from plasma to lymph. These 
findings in general confirm the work of others, e.g. Palade (1953, 1956), 


Fawcett (1955), Pease (1955), and have given rise to further controversy 
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concerning the mechanisms of transfer of materials across the capillary 
membrane. 

Interest has also recently been aroused in the passage of various lipid 
complexes through the vascular endothelium, for it is thought that this 
phenomenon is concerned in the deposition of lipids in the intima of 
arteries in atherosclerosis. Electron microscopy of this endothelium has 
revealed the absence of pores or fenestrations, but the presence in the endo- 
thelial cells of numerous vesicles of cytoplasmic membrane similar to those 
observed in the cells of capillary endothelium (Buck, 1958). 

The lipid complexes of the plasma are all much larger than the pores 
postulated by Pappenheimer. They vary in size from 150 A, the probable 
size of the high-density «-lipoprotein (Hayes & Hewitt, 1957) to 5000 A 
or more, the size of some chylomicrons, and are stabilized in an aqueous 
medium by the hydrophilic properties of phospholipid and protein. 

Experiments have shown that these complexes may pass through the 
capillary membrane (Kellner, 1954; Courtice & Morris, 1955; Morris & 
Courtice, 1956) and that the ease with which they are transferred may in 
some way be related to their size (Courtice, 1959a, 6). In these latter 
experiments, it was shown that whereas the lipid complexes in the lipaemic 

plasma of the rabbit fed on cholesterol or given Triton WR-1339 intra- 
- yenously appeared in the lymph of the paw, the larger lipid particles of 
chyle or of the artificial fat emulsion ‘Lipomul’ (Upjohn) given intra- 
venously did not do so to any significant extent. 

The present investigafions are a continuation of these experiments. 
They have been devised to show whether, in the hypercholesterolaemic 
rabbit, the passage of the various lipoprotein complexes across the mem- 
brane of the skin capillaries is related to the size of the complex concerned. 


METHODS 


Hutch-bred rabbiteof various strains were used as experimental animals, Hyperchol- 
esterolaemia was produced by feeding the rabbits on pollard (bran-type flour from wheat) 
with which had been mixed powdered cholesterol in a blender. Each rabbit was given daily 
75 g of pollard containing 1 g of cholesterol for the first week, and thereafter the cholesterol 
level was usually maintained at a level of 500-1000 mg/100 ml. by giving either this mixture 
or the pollard without cholesterol; green vegetables were also given several times a week. 

To determine the plasma-lymph gradients across the wall of the skin capillaries, the 
animals were anaesthetized with pentobarbital (Abbott’s Veterinary Nembutal) intra- 
venously. Blood samples were taken from a catheter in the carotid artery and lymph — 
samples from a lymphatic vessel just below the popliteal fossa (Courtice, 1959a). When a 
sample of lymph had been collected over a period of approximately 1 hr, the paw was 
injured by immersion in water at 70° C for 1 min. Before this procedure the animal was very 
deeply anaesthetized with ether. Two samples of lymph were then collected during the 
subsequent hour. The paw was kept in a water-bath at a constant temperature of 43-45° C 
throughout lymph collection, so as to ensure a fairly uniform blood flow. Lymph flow was 
promoted by passive movement of the leg and massage along the pathway of the duct. 
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Analytical methods. Total protein in plasma and lymph was determined by micro-Kjeldah| 
digestion, distillation and Nesslerization. The individual proteins were determined by paper 
electrophoresis on Whatman No. 1 paper, elution and determination of the dye, and measure- 
ment of the areas of the dye curves with a planimeter. As the globulins bind less dye than 
albumin, the areas of the dye curves for globulins were multiplied by the following factors: 
y-globulin plus fibrinogen, 1-76; £-globulin, 1-40; and a-globulin, 1-50, before the protein 
concentrations were calculated. The detailed procedure adopted for these determinations is 
described elsewhere (Courtice, 1960). Total cholesterol in plasma and lymph was determined 
by the method of Abell, Levy, Brodie & Kendall (1952) and ernesnayatat by the method of 
Zilversmit & Davis (1950). 


RESULTS 
The lipid complexes in the plasma of normal and 
hypercholesterolaemic rabbits 

In the normal rabbit fed on the pellets used in this laboratory, the 

cholesterol and phospholipid levels in the plasma were on an average 60 
and 143 mg/100 ml. respectively and somewhat higher, 162 and 174 mg/ 
100 ml., when fed on pollard. Havel, Eder & Bragdon (1955) by means of 
the preparative ultracentrifuge showed that these lipids were divided 
mainly between the high-density or «-lipoprotein and the lipoproteins 
within the density range 1-019-1-063 or f-lipoprotein. Hayes & Hewitt 
(1957) determined the size of these lipoproteins in human plasma by the 
electron microscope and found the diameter of the hydrated molecule to 
be 150 A for the «-lipoprotein and 350 A for the f-lipoprotein. 

With increased cholesterol levels in the plasma of the cholesterol-fed 
rabbit, Gofman, Lindgren, Elliott, Mantz, Hewitt, Strisower, Herring & 
Lyon (1950) showed by the analytical ultracentrifuge that while there was 
a moderate increase in the concentration of these smaller lipoproteins, the 
main increase was in less dense complexes which dispersed light to make 
the plasma appear opalescent or milky. Under dark-ground illumination 
of the light microscope, very small particles up to approximately 0-2 yu 
(2000 A) in diameter can be seen. The range in size of these lipoproteins is 
not known at present, but preliminary investigations by electron micro- 
scopy show that in such plasma the variation is from 150 A to 1500 A, 
with some larger particles. 

In composition these lipid complexes in the plasma of the hyper- 
cholesterolaemic rabbit consist mainly of cholesterol and cholesterol esters 
stabilized with phospholipid and protein, and the density varies directly 
with the proportion of protein to lipid. In the lipid portion of the molecule 
or complex the ratio of cholesterol to phospholipid varies inversely with 
_ the density. In the high-density or «-lipoprotein fraction this ratio is on 
an average 0-4-0-5; as the complexes become less dense, it increases con- 
siderably to reach values of 3-0 or even higher. The relation between the 
cholesterol: phospholipid ratio and the total cholesterol in the plasma is 
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shown in Fig. 1. When the total cholesterol in the plasma was less than 
100 mg/100 ml. the cholesterol: phospholipid ratio was on the average 0-49 
and the lipid was mainly in the high-density lipoprotein. With levels © 
between 100 and 200 mg/100 ml. the ratio rose to a mean of 0-93 and more 
of the lipid was present as £-lipoprotein, as determined qualitatively by 
zone electrophoresis. Above this level the ratio rose more gradually to 
values of 3-00 and the lipid was present mainly as the low-density complexes 
which gave the plasma a milky appearance. While the actual size of the 
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Fig. 1. The relationship between the level of cholesterol A the cholesterol: phos- 
pholipid ratio in the plasma of normal and hyperchol laemic rabbits. 


different lipoproteins in the plasma has not yet been accurately deter- 
mined, preliminary experiments suggest that this runs roughly parallel 
with the cholesterol: phospholipid ratio. 


The plasma—leg lymph gradients of protein and lipids in normal and 
hypercholesterolaemic rabbits, before and after thermal burn to leg 


In order to determine the protein and lipid gradients from plasma to 
lymph it was necessary to ascertain whether any changes in the composi- 
tion of the plasma occurred while the lymph was being collected. Blood 
samples were obtained before Nembutal anaesthesia (from ear vein) and 
under anaesthesia (from the carotid artery) while lymph .was being 
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collected, both before injury and at the end of the experiment after injury. 
The average figures, given in Table 1, showed a slight fall in the total 
plasma proteins throughout the experiment and a slight rise in cholesterol] 
and phospholipid. In relating the levels in the lymph to those in the 
plasma, the figures for the plasma during anaesthesia before injury were 
used. Any changes in the levels in the plasma would be reflected in the 


TaBLE 1. Total protein, cholesterol and phospholipid concentration in plasma taken before 
Nembutal anaesthesia and during anaesthesia before and after thermal injury to the paw. 
Expressed as mean and standard error of the mean. The figures in parentheses give the 
numbers of observations 


~Under Nembutal anaesthesia 
Before 


anaesthesia Before injury After injury 
Total protein (g/100 ml.) 
(14) 6-86 + 0-17 6-70 + 0-16 6-47+0-18 
Total cholesterol (mg/100 ml.) 
Normal 9) . 143 + 16 143+17 140 + 20 
Hypercholesterolaemi (8) 929 + 214 1005 + 224 1022+ 213 
Phospholipid (mg/100 ml.) 
Normal (9) 168 + 12 154+ 12 153+ 13 
Hypercholesterolaemi (8) 422+ 55 446+ 61 454+ 44 


TABLE 2. The protein and lipid levels in the plasma and leg lymph of normal and of hyper- 
cholesterolaemic rabbits, expressed as the mean and standard error of the mean. The figures 
in parentheses give the number of observations 

y-globulin Total 


Total and chol- Phospho- 
protein Albumin a-globulin f8-globulin fibrinogen  esterol lipid 
(g/ (g/ (g/ (g/ _(g/ (mg/ (mg/ 
100 ml.) 100ml.) 100ml.) 100ml.) 100ml.) 100ml.) 
Normal (6) 
Plasma 6-76 3°70 0-72 0-96 1-37 149 143 
+0-18 +0-11 +0-05 +0-08 +0-17 +22 +16 
Lymph, before 2-81 1-75 0-28 0-39 0-40 35 47 
injury + 0:30 +0-16 +0-03 +0-05 +0-09 +6 +4 
Lymph, after 5-54 3°14 0-56 0-80 1-04 90 106 
injury +0-21 +0°16 + 0-06 +0-05 +16 +12 
Hyp holest 1 ic (9) 
Plasma 6-66 3-49 070 <« 1-19 1-28 798 407 
+ 0-25 +0-06 +0-08 +0°17 +117 + 36 
Lymph, before 2-78 1:68 | 027 0-36 0-47 98 83 
injury 0-26 +0-25 +0-03 +004 . +0-06 +11 +10 
Lymph, after 4-97 2°71 0-47 0-77 1-02 371 209 
injury +0-34 +0-23 +0-05 +0-06 +0-13 +53 15 


values for lymph after a lag for mixing in the tissue-fluid pool. This mixing 
would be relatively slow before injury and rapid after injury. As there is 
little difference in the levels of protein and lipids in the two samples taken 


during anaesthesia, it was thought that these levels should be used for . 


comparison with the values for lymph. 


While the plasma—lymph gradients for the lipids were determined in a 
larger series, the individual plasma proteins, together with the lipid levels 
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were measured in six normal and nine hypercholesterolaemic animals. The 
results are given in Table 2. The mean levels of each individual protein in 
the plasma and in the lymph before injury were approximately the same 
in both groups of animals. In each group the blood pressure, determined 
by the capsule method in the ear artery, was approximately the same, and 
the limb was kept at a constant temperature while lymph was collected. 
The fact that the plasma—lymph gradients for the different proteins were 
approximately the same in both groups under these conditions would 
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Fig. 2. The mean levels of the various protein fractions in the lymph from the leg, 
expressed as percentages of the corresponding levels in the plasma of a group of 
15 rabbits. O, before injury; @, after thermal injury to leg. 


suggest that there was no appreciable change in permeability of the skin 
capillaries to the plasma proteins due to the increased lipid levels. When 
the leg was injured by a thermal burn, however, gross oedema rapidly 
developed and the lymph flow increased greatly (cf. Courtice, 1946). The 
concentrations of each of the protein fractions and of the lipids in the 
lymph rose considerably. | 

When expressed as a percentage of the plasma levels, the concentrations 
of the proteins in the lymph were as shown in Fig. 2. In lymph from the 
leg before injury the plasma-lymph gradient for albumin was less than for 
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total globulin or for any of the individual globulins. The mean concen- 
tration of albumin in the lymph in'these experiments was 48 % while that 
of globulin was 35 °% of the corresponding levels in the plasma. The relative 
levels of each of the individual globulin fractions did not vary appreciably 
from that of the mean total globulin. In lymph after injury the difference 
in the gradients for albumin and globulin was less marked, but still 
evident. The mean concentration of albumin in the lymph was 81 % while 
that of the total globulin was 74%, of the corresponding levels in the plasma. 
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Fig. 3. The relation between the concentration of protein in lymph from the leg’ 

and that in the plasma; figures are g/100 ml. ©, before injury; @, after thermal © 

injury to leg. | 
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When the individual protein levels in the lymph were plotted against 
those in the plasma, the regression equations showed that the concen- 
trations in the lymph were related to those in the plasma, P < 0-001 (Fig. 3). 
The slope of the regression line for albumin was steeper than those for the 
globulins, P< 0-05. After injury the slope of the regression line for globulin 
increased to show no significant difference from that for albumin. These 
findings are all in conformity with the classical ‘Pore Theory’ of capillary 
permeability. 

With regard to the lipid complexes, in the normal animal the levels of 
cholesterol and phospholipid in the lymph relative to those in the plasma 
were slightly less than in the «- and f-globulin (Fig. 4). In this series the 


levels of cholesterol and phospholipid in the lymph were respectively 24 


and 33 °% of the plasma levels before injury and 60 and 74% after injury. 
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This is probably due to the fact that «- and f-lipoprotein molecules are 
larger than other globulins that migrate electrophoretically at the same 
rate. The finding that the relative levels of cholesterol and phospholipid 
varied also shows that in the normal animal there must be different 
plasma—lymph gradients for «- and £-lipoproteins. 

In hypercholesterolaemic animals the levels of cholesterol and phospho- 
lipid in the lymph relative to those in the plasma were lower than in normal 
animals, i.e. the plasma—lymph gradients were greater. The average for 
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Fig. 4. The mean levels of cholesterol and phospholipid in the lymph from the leg, 

expressed as peroerenges of the corresponding levels in the plasma in a group of 
6 normal and 9 hyp terolaemic rabbits. [], before injury; @, after thermal 
injury to leg. 


the experiments represented in Fig. 4 shows that the cholesterol and 
phospholipid levels in the lymph were 12 and 20% of the plasma levels 
respectively before injury and 48 and 52% after injury. These differences 
_ again show the differential filtration of the various lipid complexes in 
hypercholesterolaemic plasma. 

In a larger series of animals in which plasma and lymph lipids have been 
measured, the results are depicted in Fig. 5. This shows that when the 
plasma cholesterol increases from 40 to 200 mg/100 ml., the lymph 
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cholesterol rose much more steeply than with changes in the plasma level 
from 500 to 2200 mg/100 ml. The changes in plasma—lymph gradient with 
rising plasma cholesterol are more clearly depicted in Table 3. Fourteen 
animals on a diet to which no cholesterol was added have been divided into 
two groups, with ranges of plasma cholesterol of 0-100 and 101-200 mg/ 
100 ml. Similarly twenty-two animals on a diet to which cholesterol was 
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Fig. 5. The relation between the levels of cholesterol and phospholipid in the | 


lymph from the leg and the corresponding levels in the plasma of normal and 
h holesterolaemic rabbits. ©, before injury; @, after thermal injury to leg. 
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TABLE 3. The total cholesterol and the cholesterol: phospholipid ratios in plasma and leg 
lymph in four groups of rabbits with different plasma cholesterol levels 


Plasma Total cholesterol Cholesterol : phos- 
cholesterol mg/100 ml. holipid rati 
(mg/100 ml.) animals Plasma Lymph Plasma cholesterol Plasma Lymph 
0-100 38+4 0-49 0-42 
+ + + 0-07 + 0-06 
101-200 6 23+2 0-93 0-77 
+ +004 +0-12 
201-1000 ll 18+2 2-02 1-29 
+ +0°17 0-10 
1001-2000 1l 1450 171 12+2 2-45 1:47 
+126 +24 +0:10 


added have been divided into two groups, with ranges of plasma cholesterol 
of 201-1000 and 1001-2000 mg/100 ml. In the first group, with a mean 
plasma cholesterol of 60 mg/100 ml., most of the cholesterol is present as 
a-lipoprotein. The level of cholesterol in the lymph was 38 °% of the plasma 
level and the cholesterol: phospholipid ratio was nearly the same as that 
in the plasma. As the level of cholesterol in the plasma rose, the relative 
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concentration in the lymph fell and the difference between the chole- 
| sterol:phospholipid ratios of plasma and lymph became progressively 
greater. 

When the skin capillaries were injured by heat, however, larger lipid 
complexes more readily passed into the lymph, with much less differentia- 
» tion according to the size of the complexes (Fig. 5). The lymph, which was 
opalescent before injury, became quite milky in appearance. It would 
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Fig. 6. The relation between the cholesterat: phospholipid ratio in the lymph to that 
in the plasma in normal and hyperch l c rabbits. The interrupted 45° 
line represents identity of ratios. O, before injury; @, after thermal injury to leg. 


seem, therefore, that in the uninjured capillaries there is a considerable 
| differentiation in the plasma—lymph gradients between the various lipid 
| complexes, while in the injured capillaries this differentiation, though still 
| detectable, is much less. 
{ These conclusions can also be drawn when the cholesterol: phospho- 
lipid ratio in the lymph is plotted against the cholesterol: phospholipid 
Tatio in the plasma (Fig. 6). In the uninjured limb the ratio in the lymph 
was approximately the same as in the plasma at levels below 0-5, when 
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most of the lipids were present as «-lipoprotein. As the plasma ratio rose, 
the lymph ratio rose less steeply, indicating that the larger, less dense 
complexes enter the lymph less readily than the smaller molecules. In the 
injured limb, however, this differentiation was much less marked, but still 
evident to some slight extent. 


DISCUSSION 


The mechanisms concerned in the transfer of macromolecules from plasma 
to tissue fluid and lymph are as yet far from clear. Whether these molecules 
are unchanged during the process of transfer is not known. Plasma lipo- 
proteins are not inert substances; the different components to some extent 
exchange with other lipoproteins in the plasma and in cells. It is, there- 
fore, conceivable that in the skin ef the rabbit’s paw there is a continual 


exchange of cholesterol and phospholipid between the lipoproteins in the | 


plasma and lymph and those of the adjacent cells. When the same lipo- 
proteins are found in the lymph as in the plasma, therefore, it cannot be 
stated for certain that these lipoproteins actually passed through the walls 
of the blood and lymph capillary as such. Nor can it be stated that the 
proportion of the different lipoproteins in the lymph is the same as that 
in the capillary filtrate, because the exchanges between'the cells in the 
skin and the tissue fluid may modify this. 

In the experiments in the normal and hypercholesterolaemic rabbits 
described here, however, the transport of cholesterol approximated to 
a steady state as closely as such a state can be attained. The hyper- 
cholesterolaemic rabbits had received no cholesterol in their diet for from 
2 to 14 days and during the course of the experiment there was no appreci- 
able change in the level of plasma cholesterol, and probably none in the 
cells of the skin, although this was not measured. It seems that in these 
circumstances the exchanges of cholesterol between tissue fluid and cells 
would be in equilibrium during the experiment and would not significantly 
modify the proportions of the different lipoproteins in the tissue fluid. 

If this is so, the levels of the various proteins and lipoproteins in the 
tissue fluid, though actually higher than in capillary filtrate, would be in 
the same relative proportions, since these molecules do not diffuse back 
into the blood stream. As lymph has the same composition as tissue fluid 
from any region (Yoffey & Courtice, 1956), the plasma—lymph gradients of 
the proteins and lipoproteins will, therefore, give a relative measure of 
the plasma~capillary filtrate gradients. 

The great increase in the rate of transfer of the various proteins and 
lipoproteins from plasma to lymph when the skin is injured by a thermal 
burn suggests that this is mainly a transfer of the complexes as they exist 
in the plasma. Within seconds after injury the —= may become more 
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opalescent. The sudden change in the composition of the lymph and the 
large bulk transfer of plasma, together with the finding that the gradients 
for proteins and lipoproteins vary with the size of the molecule, support 
this view. The results show clearly that the plasma—lymph gradient pro- 
gressively increases from the smallest protein molecule, albumin, to the 
largest lipoprotein complex found in the plasma, The experiments of 
Courtice (1959a, 6) show further that lipid complexes which are even 
larger, such as the particles in chyle or the artificial fat emulsion ‘Lipomul’, 
are not transferred from plasma to lymph, even after injury, to any 
measurable extent. Although the diameter of all these molecules and 
complexes has not yet been accurately determined, it seems that the 
plasma—lymph gradient runs roughly parallel with their size. 

If it is true, then, that these complexes pass through the capillary 
membrane as such, it is clear that they cannot pass through pores 60-90 A 
in diameter without being grossly distorted. Electron microscopy has 
failed to show any fenestrations or pores in the intercellular substance 
except in the liver and spleen. It may be that in the living capillary the 
intercellular substance is in a continually changing state, as the pressure 
on capillaries in any region is continually changing with vasomotion. If 
this were so, the intercellular substance might at times be pulled somewhat 
apart causing fenestrations, whereas in the fixed preparation observed 
with the electron microscope there is a shrinkage. It is well known that 
in the living state large blood cells may pass between endothelial cells if 
they stick on the’endothelium, so that large gaps may for a time be pro- 
duced. Until a technique is devised for obtaining the requisite high 
magnifications in living — however, this question will not be 
settled conclusively. 

If the lipoproteins do not pass through the intercellular substance, they 
must passthrough the cells. Here the vesicles of endoplasmic reticulum 
may be implicated. Alksne (1959) has shown that the endothelial cell 
layer of the capillaries in the skin of the mouse varies in thickness from 4-0 
to 0:25 », being thickest in the part of the cell containing the nucleus. 
Particles of colloidal mercuric sulphide 50-250 A in diameter introduced 
into the blood-stream passed through the cytoplasm and were found within 
intracellular membrane structures such as the vesicles. When the capil- 
laries were injured by histamine, there was still no evidence of pores in the 
intercellular substance but the vesicles increased in size, some becoming as 
large as 2000 A in diameter, giving the cells a foamy or vesicular appearance. 
Alksne postulated an active transfer across the endothelial cells; he en- 
visaged engulfment of material on the luminal side through the “pinching 
off’ of membrane-lined caveolae, the vesicles so formed being then con- 
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extracellular space outside the endothelium. The basement membrane 
then forms a further barrier which affects the further transfer of any 
substance. 

The sizes of the lipid complexes in the plasma of the hypercholesterol- 
aemic rabbit are in conformity with the diameters of the vesicles observed 
in the endothelial cells of skin capillaries of the mouse before and after 
histamine application. The capillaries in the skin of the rabbit’s paw 
before and after thermal injury have not yet been similarly investigated, 
but if the vesicles change in size, as in the mouse, it is conceivable that they 
might be implicated in the transfer of the lipid complexes. No one has 
yet reported, however, the finding of such lipid particles in these vesicles. 
In the endothelium of the aorta, over a plaque in the hypercholesterolaemic 
rabbit, Poole & Florey (1958) have shown lipid in the cytoplasm of the cell. 
Whether this was in the vesicles was not determined. Hence, although 
the experimental results suggest that the lipid complexes of the hyper- 
cholesterolaemic rabbit are filtered through a sieve-like arrangement, the 
mechanisms cannot as yet be clearly defined. 


SUMMARY 


1. The concentrations of the protein fractions, albumin and «-, B- and 

y-globulins and also cholesterol and phospholipid were determined in the 
plasma and leg lymph of groups of rabbits fed on a normal diet and on a 
diet to which cholesterol was added before and after thermal injury to the 
leg. 
_ 2. The plasma-lymph gradients thus obtained showed that in the 
lymph from the uninjured leg the level of albumin was 48° and total 
globulin 35 % of the corresponding concentrations in the plasma. The level 
of cholesterol in the lymph was on an average 38, 23, 18 and 12% of the 
plasma level respectively when the plasma cholesterol was within the 
ranges 0-100, 101-200, 201-1000 and 1001-2000 mg/100 ml. 

3. After injury the plasma—lymph gradients of all these substances were 
much less, and, while there was still a progressive change in the gradient 
from albumin to the largest lipid complex, this differentiation was less 
marked than in the uninjured leg. 

_ 4. The results indicated that the plasma—lymph gradient of the proteins 
and lipoproteins in normal and hypercholesterolaemic rabbits depended, 
to some extent at least, on the size of the molecule or complex concerned. 
Possible mechanisms of transfer of these macromolecules or complexes 
across the capillary wall are discussed. 
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In previous work (Hagiwara & Saito, 1959a, 6) the current—voltage 
relations of the membranes of several nerve cells were studied in normal — 
bathing media. When the potassium concentration of the medium was 
increased a number of changes appeared in the current-voltage relations. 
Recently work has shown that in potassium-rich media threshold pheno- 
mena are present both in the nodal membrane of the myelinated fibre 
(Mueller, 1958a, b; Stimpfli, 1958; Tasaki, 1959) and in the membrane of 
the squid axon (Segal, 1958; Moore, 1959; Tasaki, 1959). In the present 
paper similar phenomena have been investigated in the nerve cell of 
Onchidium verruculatum immersed in potassium-rich media. The changes 
were also analysed in the presence of narcotics. 


METHODS 


The sub- and supra-oesophageal ganglia of a marine’ pulmonate mollusc, Onchidium 
verruculatum, were used. The technique of preparation was similar to that employed 
previously (Hagiwara & Saito, 19596). The preparation was fixed on the bottom of a Lucite 
box (0-5 x 5x3cm). Experimental solutions flowed into the box through a plastic tube at 
one end and drained at the other end: By this procedure the external solution could be 
changed while the tip of an electrode remained inside the cell. 

Glass capillary tubes of tip diameter less than 0-5 y, filled with 3 m-KCl, were used for 
recording the membrane potential change as well as for polarizing the cell membrane. The 
indifferent electrode was an agar-sea-water-3 mM-KCl-AgCl-Ag electrode immersed in the 
external solution. Sometimes agar in KCl sea water was used instead of agar in normal sea 
water. To measure the resting potential while the external solution was changed, another 
micro-electrode was placed just outside the impaled cell and the membrane potential was 
recorded as the potential difference between the two micro-electrodes by using a differential 
cathode-follower system. The cathode follower and feed-back system for the voltage-clamp 
experiments were similar to those described previously (Hagiwara & Saito, 1959a). 

The artificial sea water had the following composition (mm): NaCl, 465; KCl, 9-3; CaCl.,, 
10-8; MgCl,, 48-3; NaHCO,, 5-9; pH, 8-1. The KC] sea water was similar to normal sea water 
except that NaCl wasreplaced by KCl of equivalent molarity. In order to remove chloride from 
the solution the chloride of normal sea water was replaced by sulphate, and the composition 
of the sulphate sea water was (mm) : Na,SO,, 233; K,SO,, 48-3; sucrose, 315. CaSO, was added 
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to saturation. Sucrose was added to maintain the isotonicity of the solution. Replacement of 
Na with K, or of Cl with SOQ,, was performed to any desired extent by mixing appropriate 
amounts of these three solutions. 


RESULTS 


_ After-potential and current-voltage relations of the 
normal cell membrane 

When a micro-electrode was inserted into a cell immersed in normal sea 
water a resting potential which ranged between 45 and 60 mV was recorded. 
A spike potential appeared when an outward current pulse decreased the 
resting potential by about 20 mV. A positive after-potential or undershoot 
followed the spike and the membrane potential at the peak of the under- 
shoot was 8-18 mV more negative than the resting potential. The decrease 
of resting potential by a subthreshold outward constant-current pulse fol- 
lowed a simple exponential time course when applied to the resting 
membrane (Fig. 1A). This indicates that no secondary change of the mem- 
brane was associated with a subthreshold potential change. However, 
secondary change was seen when an outward current pulse was applied to 
the membrane hyperpolarized by a conditioning inward current. As is 
shown by Fig. 1B, the rate of potential rise suddenly became slower when 
the membrane potential reached a level near to the peak potential level of 
the undershoot, and the potential tended to stay at this level. Since this 
potential change appeared at the break of the inward current it will be 
called the ‘break response’ in the following description. 

When the membrane potential of the cell was suddenly shifted to various 
potentials by the voltage-clamp technique the associated membrane cur- 
- rent finally reached a steady intensity after a certain transient change 
(Hagiwara & Saito, 19596). The current-voltage relation of the membrane 
at the steady state (1 sec after the start of the voltage change) is shown in 
Fig. 1H by filled circles. In this figure the abscissa indicates the membrane 
potential measured from the resting level and the ordinate shows the 
absolute value of the membrane current, the depolarization and outward 
current being taken as positive. The relation was linear for hyperpolarization 
as well as for small depolarizations but a marked deviation from the straight 
line was found for membrane potential changes larger than about 25 mV. 
This corresponds to the delayed rectification of the cell membrane (Hagi- 
wara & Saito, 19596). The two-step voltage-clamp technique was employed 
to examine further the current—voltage relation of the cell membrane 
during the break response. The membrane potential was first clamped to a 
conditioning level of hyperpolarization, and after the membrane current 
had reached a steady state the potential was changed to a second level. As 
_is shown by Fig. 1, an initial rapid outward surge appeared immediately 
after the change of the membrane potential from the conditioning level to 
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the test level when the latter reached a certain critical value. This initial 
outward surge presumably corresponded to the break response in the 
absence of voltage clamp. When the test step was subthreshold for the initial 
surge, it produced a capacitative current followed by a constant current. 

The current—voltage relation at the peak of the surge is illustrated in 
Fig. 1£ by open circles. In this case the abscissa indicates the difference 
between the membrane potential at the test step and the resting potential 


level and the ordinate shows the absolute value of the membrane current 


at the peak of the surge. The relation deviated from the steady-state rela- 


20 40 60 mV 
Membrane potential change 


Fig. 1. Potential changes and membrane currents of cells immersed in normal sea 
water. A and B, potential changes (upper trace in each record) produced by out- 
ward current pulses with and without a conditioning inward current (shown in 
lower trace). C, membrane currents (upper trace) associated with a sudden shift of 
the membrane potential (lower trace) to various levels from a certain hyperpolari- 
zation level. D, membrane currents (upper trace) associated with a rectangular 
depolarization (lower trace). Two recordings were superposed, in one of which 
hyperpolarization preceded the depolarization. The preceding hyperpolarization 
induced an initial outward surge. Upward direction of current trace indicates out- 
ward direction of membrane current. Calibrations in A, B and C: v, 50mV; 
_¢, 02 wA; time marker, 100 msec. Calibration in D: v, 50 mV; c, 0-2 wA; time 
marker, 20 msec. H, current—voltage relations of the cell membrane in normal sea 
water. Membrane potential measured from the resting potential level was plotted 
on the abscissa, and amplitude of membrane current on the ordinate. Positive- 
going potential change or outward direction of current, positive on each axis. 
Filled circles give the relation at the steady state of a single-step voltage clamp, 
and open circles that at the peak of the initial surge obtained by a two-step voltage 
clamp when the conditioning hyperpolarization was 70mV. Interrupted lines 


show the method for measuring equilibrium potentials at the steady state and at 
the peak of the initial surge. 
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tion for the membrane potential changes larger than —10 mV. After the 
initial surge or after a subthreshold change the membrane current reached 
a steady state determined by the membrane potential at the test step. The 
eurrent—voltage relation at the steady state was similar to that obtained 
by the single-step voltage-clamp technique. 

In order to estimate the membrane conductance and the membrane 
equilibrium potential at the peak of the outward surge, the clamped mem- 
brane potential was further changed to various third levels just after the 
peak of the surge had appeared and the current immediately after the 
third potential change was estimated after eliminating an appropriate 
capacitative current. The points B and C were obtained by plotting the 
current intensity against the membrane potential at the third step when 
the intensity of the outward surge and the potential level at the second 
step were given by point A. The three points lie approximately on a single 
straight line and the conductance determined from the slope was about 
25 times larger than the resting membrane conductance. The membrane 
equilibrium potential estimated from the intercept on the potential axis 
was about —10 mV. Although a slightly different conductance was ob- 


tained for a different value of the membrane potential at the second step, a 


common value was always found for the equilibrium potential. The results, 
therefore, indicate that the break response is produced by a transient con- 
ductance increase of the membrane with a certain equilibrium potential 
which is in this case about 10 mV more negative than the resting potential. 
Although the equilibrium potential showed a variation from cell to cell, it 
always coincided with the potential level at the peak of the undershoot. 
_In the previous paper (Hagiwara & Saito, 19595) it was concluded that 
the slowly developing rectifying current is produced by a conductance 
increase of the membrane with a certain equilibrium potential which is 
also similar to the potential level at the peak of the undershoot. Therefore, 


_ this rectifying current and the current associated with the break response 


are produced by conductance increases with a common equilibrium 
potential. A straight line denoted by a in Fig. 1 H was obtained by a two- 
step voltage-clamp technique, indicating the coincidence between these 
two equilibrium potentials. | 

Although the equilibrium potentials were common for these two kinds of 
conductance increases, there was apparently no interaction between them. 
Two recordings of membrane currents associated with rectangular depolari- 
zations of the same amplitude were superposed in Fig. 1D; in the one the 
rectangular depolarization was preceded by a conditioning hyperpolariza- 
tion and in the other not. An initial outward surge was superposed on the 
slowly developing rectifying current when the depolarization was preceded 
by the hyperpolarization, but this did not influence the final time course. 
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From the foregoing results it is concluded that the three membrane 
potentials, the equilibrium potential for the slowly developing rectifying 
current, that for the break response, and the potential level at the peak of 
the undershoot, all give the same value, and that it is 5-15 mV more 
negative than the resting potential when the cell is in the normal sea 
water containing 9-3 mm-K. 


After-potential in potassium-rich media 
When the cell was immersed in a medium in which part of the Na had 
been replaced by an equivalent of K, a characteristic change occurred in 
the after-potential, The series of records A, B, C and D in Fig. 2 were 
obtained when the applied solutions contained 55-8, 102-3, 164-3 and 
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Fig. 2. Effects of changes in K concentration on the spike potential. In each series 
spike potentials were recorded at 5 sec intervals following the immersion of the cell 
in 55-8 mm-K (A), 102-3 mm-K (B), 164-3 mm-K (C), 474-3 mm-K (D) and K-free 
(Z) sea waters. Cl concentration was normal in these solutions. The start of appli- 
cation of test solutions is indicated by arrows. Voltage calibration, 50 mV; time 
marker, 20 msec. 


474-3 mm-K respectively, but the Cl concentration was kept normal. In 
every series the spike recordings were obtained at 5 sec intervals during 
the application of the solution. In each series an arrow indicates the start 
of application of the test solutions. The elevation of the after- potential 
became marked as the K concentration increased. At 164-3 mm-K. (Fig. 2C) 
the membrane potential during the after-potential was above the firing 
level for the spike and, therefore, second and third spikes were initiated. 
Small oscillations superposed on the after-potential seen in the later spikes 
of this series were probably due to electrotonic spread of spike potentials 
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initiated in the axon some distance away from the cell soma. These spikes 
probably did not invade the soma because the latter was incapable of pro- 
ducing a spike potential during such an after-potential. When the K con- 
centration was increased to 474-3 mm (all of the Na in the sea water was 
-zeplaced by K, Fig. 2D) the after-potential was prolonged, and formed a 
plateau. The potential level at the plateau was about 40-50 mV more posi- 
tive than the resting potential. Since the resting potential of the cell had 
a similar size this level corresponded approximately to zero membrane 
potential. Under such conditions the spike potential became very similar 
to that of cardiac muscle (Weidmann, 1951, 1956) and also of nerve cells 
treated with tetraethylammonium chloride (Hagiwara & Saito, 1959b). 
However, this similarity seemed to be only superficial, because the plateau 
was associated with a large increase of the membrane conductance, while a 
decrease or no increase was found during the plateau of the cardiac muscle 
or the tetraethylammonium-treated nerve cell (Weidmann, 1951; Hagi- 
wara & Saito, 19596). Figure 2 was obtained when the external potas- 
_ sium was removed. The potential level at the peak of the undershoot 
became more negative in the K-free solution. In elevated potassium the 
break of a sufficiently large inward current resulted in a potential change 
similar to the after-potential of the spike (Fig. 3.4). This was considered to 
be a ‘break response’. At some concentrations of K the break response was 
preceded by a spike but its amplitude was usually small. All these effects 
of potassium were completely reversible when the cell was brought back to 
_ the normal sea water. | 

The change of the after-potential reached a steady state about 40 sec 
after the change of the external solution had started. Since in the present 
experiments the test solution flowed slowly into the box in which the 
preparation was placed, the delay of 40 sec could be accounted for by the 
time for diffusion of the test solution around the outside of the cell. In 
‘contrast to the marked changes in the after-potential and break response 
- no appreciable change was found in the resting potential within this 
period. The resting potential changed with a much slower time course, as 
is shown by Fig. 3B. In this part of the figure, record B1 was obtained in 
normal sea water while the other five records were obtained 20 sec, 40 sec, 
90 sec, 5 min and 8 min after the cell had been immersed in KCl sea water. 
In record B4 a superimposed trace marked by an arrow shows the refer- 
ence potential level, indicating that the resting potential had a small nega- 
tive value and the membrane potential at the peak of the break response was 
slightly positive: the interrupted line in each record indicates the original 
resting potential level. The slow decrease of the resting potential could not 
be due to slow diffusion. In other words the results suggest that an increase 
of K concentration does not immediately cause a decrease of the resting 
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potential, and that a decrease is only produced after some secondary 
change has taken place in the cell, such as the change of concentration of 
some ion or ions inside the cell. In a few experiments the cell was brought 
back to the normal [K] medium after the resting potential had become 
steady. The recovery of the resting potential occurred with a very slow 
time course, while the peak level of the break response returned to normal 
within a much shorter time. This fact also suggests that the decrease of the 
resting potential is due to some secondary change. 


Fig. 3. A, membrane potential changes (lower traces) produced by inward current 
pulses (shown in upper traces) applied to cells immersed in normal (1), 55-8 mm-K (2), 
102-3 mm-K (3), 164-3 mm-K (4) and 474-3 mm-K (5) sea waters.. Cl concentration 
was normal in all cases. The recordings were taken before the decrease of resting 
potential. Calibrations: v, 50 mV; c, 0-2 »A; time marker, 100 msec. B, long-term 
time course of potential changes (lower traces) of the cell membrane produced by an 
inward current pulse (upper traces) following the immersion of the cell in KCl sea 
water (474-3 mm-K). Records 1-6 were obtained, respectively, in normal sea water, 
and about 20 sec, 40 sec, 90 sec, 5 min and 8 min after the immersion in KCl sea 
water. Calibrations: v, 50 mV; c, 0:4 »A; time marker, 100 msec. : 


When the K concentration was raised in such a manner that the product 
of K and Cl concentrations was kept constant the results were entirely 
different. The records in Fig. 4 were obtained when the Cl concentration 
was reduced by replacement with an equivalent amount of SO,, [K] being 
increased to keep the product constant. The resting potential decreased 
with a time course similar to that observed for the change of the after- 
potential in the experiment shown in Fig. 2. Thus the elevation of the after- 
potential was not seen, since the resting potential and the peak of the 
after-potential changed simultaneously and both reached the same final 
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steady level which was determined by the concentration of external K. 
Recovery of the resting potential also occurred in a short time when the cell 
was returned to the normal sea water. This was in contrast to the manner 
in which the resting potential decreased in KCl media. The results indicate 
that the concentration gradient of Cl is one of the important factors which 
govern the size of the resting potential. However, it did not seem to be the 
only factor, since even the total replacement of the Cl in the sea water with 
SO, did not produce any appreciable change of the resting potential if the 
K concentration was kept normal. Therefore, the resting potential of the 


Fig. 4. Effects of increasing K concentration with simultaneous decrease of Cl con- 
centration. Spike potentials in each series were obtained at 5 sec intervals following 
the application of: (A), 102-3mm-K and 53-9mm-Cl; (B) 164:3mm-K and 
33-5 mm-Cl; and (C), 474-3 mm-K and 11-2 mm-Cl sea waters. The start of applica- 
tion of test solutions is marked by arrows. Calibration, 50 mV; time marker, 
100 msec, 


present cell is concluded to be determined by the concentrations of K and 
Cl. Although there are some characteristic differences a similar pheno- 
menon has been observed in muscle fibres by Hodgkin & Horowicz (1959). 
In contrast to this the peak potential level of the after-potential or the 
break response depended exclusively on the concentration of K. 


Current-voltage relations of the cell membrane in K-rich media 


The records in Fig. 5A and B were obtained with a cell immersed in a 
medium containing 102-3 mm-K (with normal Cl concentration) when the 
resting potential was still normal. An outward constant current pulse pro- 
duced a spike potential when the depolarization reached about 20 mV, and 
the time course of the subthreshold depolarization followed a simple expo- | 
nential time course as in normal sea water though the membrane showed a 
smaller time constant due to decrease of the resting membrane resistance. 
When an outward current pulse was superimposed on a conditioning in- 
ward current a marked deviation appeared in the time course of the 
potential change at a certain membrane potential and the deviation was 
in this case upward (Fig. 5A, B). 
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Corresponding changes were found in the current-voltage relations when 
observed by voltage-clamp technique. In Fig. 5C the steady-state relation 
is given by filled circles while the relation at the peak of the initial surge 
with a conditioning hyperpolarization is shown by open circles. The initial 
surge appeared at about —10 mV and this potential level was similar to 
that observed for the initial surge before the increase of K concentration. 
However, the direction of the surge was inward at this potential level. The 
amplitude of the inward surge showed a small increase as the membrane 
potential changed from —10mV to +10 mV, but with further positive 
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Fig. 5. A and B, potential changes (upper traces) produced by outward current 
pulses (shown in lower traces) applied to the resting (A) and hyperpolarized (B) 
eells in 102-3 mu-K and normal [Cl] sea water. The records were obtained before the 
decrease of resting potential. Calibrations: v, 50 mV; c, 0:2 uA; time marker, 
100 msec. OC, current-voltage relations of cell membrane in 102-3mm-K and 
normal [Cl] sea water. Filled circles give the relation at the steady state of a single- 
step voltage clamp, and open circles that at the peak of the initial surge obtained 
by a two-step voltage clamp when the conditioning hyperpolarization was 60 mV. 


Interrupted line shows the result obtained for determining the equilibrium potential 
of the rectifying current. 


shift of the potential it decreased and reversed at about 18 mV. The above 
result shows that the equilibrium potential for the surge was shifted from 
-—10mV to +18mV by increasing K concentration from normal to 
102-3 mM. 

The slowly developing rectifying current appeared when the membrane 
potential was elevated more than 25 mV and this critical potential level 
was similar to that observed for the rectifying current in normal sea water. 
However, the equilibrium potential for the current was elevated by extra K 


> 
t 
unig 
3 
3 
| 
l | 
/ 
iy 
4% 
3 
i 
A 
a; 
* 
4 
/ 
/ 
4 ; 
: 
i 
4 
4 


NERVE CELL IN K-RICH MEDIA 479 


and coincided with that of the initial surge produced at the same concen- 
tration of K. This is shown by a straight line obtained by two-step voltage- 
clamp technique and denoted by a in Fig. 5C. Thus the equilibrium 
potentials for rectifying current and the initial ‘surge also coincide in 
102-3 mm-K medium. The present result indicates that this common 
potential level becomes more positive by increasing K concentration. 


Fig. 6. A and B, potential changes (uppermost traces) produced by outward 
current pulses applied to the resting cell membrane (shown in the second group of 
traces) and those (lowermost traces) by pulses applied to the hyperpolarized mem- 
brane (mentioned in the third groups of traces), A and B were cbtained about 
1 and 10 min after the start of immersion in KCl sea water (474-3 mm-K and 
normal [Cl]). The decrease of resting potential from its normal value was about 5mV 
in A and about 30mV in B. Calibrations: v, 50 mV; c,.0-2 uA; time marker, 
100 msec. C and D, membrane currents (upper traces) associated with rectangular 
potential changes (lower traces). The decrease of resting potential was about 5 mV 
in A and about 25 mV in B. Calibrations: v, 50 mV; c, 0-2 time marker, 
100 msec, | 


Figure 6A was obtained in KCl sea water while the decrease of the 
resting potential was about 5 mV. When the depolarization caused by the 
outward current pulse reached a certain level, the membrane potential 
suddenly shifted to a new level which was about 40-50 mV more positive 
than the resting potential. This potential change was usually preceded by 


_asmall peak but sometimes no appreciable peak was present. Further 


increase of the current intensity usually resulted in only a small additional 
elevation of the membrane potential. In other words, an outward current 
produced a regenerative potential change which was‘entirely different from 
the ordinary spike potential. The effect of the outward current pulse super- 
imposed on a conditioning inward current on the same membrane is given 
by the lower record in Fig. 6A. | 

As is shown by Fig. 6C, the membrane current associated with rect- 
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angular hyperpolarization or small depolarization was a constant current 
preceded by a capacitative current. However, a relatively slow inwardly 
directed deflexion appeared following the capacitative current when the 
depolarization reached a certain level. With further positive shift of the 
membrane potential the deflexion became smaller and it changed in direc- 
tion from inward to outward. This presumably corresponded to the initia- 
tion of the regenerative potential change by an outward current in the 
absence of voltage clamp. The current—voltage relation at the peak of the 
deflexion is shown in Fig. 71 by crosses and the interrupted line. The 
relation was linear for hyperpolarization and for small depolarizations, but 
deviated from the straight line when the membrane potential was shifted 
from the original normal resting potential: by more than 25 mV. The cur- 
rent at the peak of the deflexion became inward with further positive shift 
of the membrane potential, but again became outward at 45 mV. The 
result indicates that an increase of the membrane conductance occurred, - 
with an equilibrium potential which was in this case about 45 mV more 
positive than the resting potential. The present conductance increase is 
considered to be similar to that associated with the delayed rectification in 
the normal membrane. Since in the present case the threshold potential 
for the conductance increase was substantially lower than the equilibrium 
potential, it resulted in a regenerative potential change instead of a simple 
rectification. 

When the relation was measured 0-6 sec after the start of the voltage 
change (filled circles and solid line) the deviation from the straight line 
relation was markedly reduced. This indicates that the above conductance 
increase decayed with time. The current-voltage relation under a condi- 
tioning hyperpolarization was also observed and the equilibrium potential 
for the surge coincided with that found for the conductance increase asso- 


ciated with a rectangular depolarization (Fig. 71, open circles). The 


absolute membrane potential at which the surge appeared was similar to 
that observed in the normal membrane. 

After the resting potential had decreased substantially the regenerative 
potential change was no longer produced by an outward current (Fig. 6B 
upper) while the break response was still observed (Fig. 6B lower). The 
corresponding current-voltage relations are illustrated in Figs. 6D and 
711. They show that only a small conductance increase was associated 
with a rectangular depolarization, while the initial surge was the same as 
before. Even though the resting potential was decreased the absolute 
membrane potential at the threshold for the surge and the equilibrium 
potential level of the surge were not altered. Therefore, a relatively large 
conditioning hyperpolarization was necessary to produce a break response 
in such a depolarized membrane. Figure 8 shows the recordings of the 
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Fig. 7. Current—voltage relations of cell membrane in KCl sea water (474-3 mm-K 
and normal [Cl]). Membrane potential was measured from the resting potential of 
the cell immersed in norma! sea water. Crosses and filled circles give the relations 
obtained by a single-step voltage clamp respectively at the peak of the initial slow 
deflexion, and 0-6 sec after the start of the voltage pulse. Open circles indicate 
those at the peak of the initial surge when the conditioning hyperpolarizations 
were 75 mV in (I) and 110 mV in (II). The set of relations (II) was obtained some 
time after the set of relations (I). The decrease of resting potential had taken place 
within this period. An arrow in each set indicates the resting potential level at the 
time of measurement. 
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Fig. 8. Membrane currents (lower traces) associated with the two-step rectangular 
membrane potential changes (upper traces) of the cell immersed in KC] sea water. 
Records were obtained after the resting potential had decreased by about 25 mV. 
Calibrations: v, 50 mV; c, 0:2 »A; time marker, 100 msec. 


Fig. 9. A, effect of the amplitude of conditioning hyperpolarization on the critical 
potential level for the break response of a cell immersed in KCl sea water. Records 
were obtained after the decrease of the resting potential had reached a steady state. 
Calibration, 50 mV; time marker, 100 msec. B, potential changes (upper traces) 
of a cell membrane produced by inward current pulses (shown in lower traces) when 
hyperpolarizing responses were present. Records were obtained in KC] sea water 
after the resting potential had fallen to a steady state. Calibrations: v, 50 mV; 
c, 0-1 vA; time marker, 100 msec. 
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actual initial surge obtained in KCl sea water. Figure 9A illustrates the 
effect of conditioning hyperpolarizations of varying amplitude. They show 
that the critical level at which the break response was elicited was practi- 
cally independent of the amplitude of the conditioning hyperpolarization. 

In most cases an inward current pulse applied after the resting potential 
had been decreased in KCl sea water produced hyperpolarization of an 
amplitude which was approximately proportional to the intensity of the 
current. In a few cases, however, ‘hyperpolarizing responses’ were ob- 
served when the intensity of the current reached a certain value (Fig. 9B); | 
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Fig. 10. Relations between the equilibrium potential of the initial surge (ordinate) 
and the K concentration in the applied solution (abscissa). The former was measured 
from the reference potential level; the latter is on a logarithmic scale. 


the rate of fall of the potential changed and the amplitude of the hyper- 
polarization became much larger than that expected from the current— 
voltage relation for a small current intensity. When the membrane resist- 
_ ance was examined by superposing small current pulses on the inward 
current it was always found that the response was associated with a 
decrease of membrane conductance. Similar responses have been observed 
in the squid axon (Segal, 1958; Moore, 1959; Tasaki, 1959) and in the nodal 
membrane of a myelinated fibre (Stampfli, 1958; Tasaki, 1959) when im- 
mersed in K-rich solutions. In the Onchidiwm nerve cell, however, a clear 
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hyperpolarizing response was observed for only a short period after a 
relatively fast decrease of the resting potential. In such cases an increase 
of the membrane conductance caused by the depolarization probably 
remained and the hyperpolarizing response is considered to represent an 
abolition of this conductance increase. 

The foregoing results show that the fone characteristic levels of the 
membrane potential, the equilibrium potential for the slowly developing 


.. tectifying current, that for the initial surge with a conditioning hyper- 


polarization, the peak level of the break response and that of the after- 
potential, all give a certain common value which is determined by the 
concentration of the external K+ ions. The relation between the equi- 
librium potential for the initial surge and concentration is shown in Fig. 10. 
In this figure the abscissa indicates the absolute value of this membrane 
potential and the ordinate gives the concentration of the potassium ions | 
on logarithmic scale, The plots approximate to a single straight line which 
has a slope of about 35 mV for a ten-fold increase of K concentration. 


Effect of narcotics 


a” cell immersed in normal sea water containing 2°, urethane no Lager 
produced a spike potential, though there was no appreciable change of 
either the potential or resistance of the membrane. By using the voltage- 
clamp technique it was seen that the rectifying current and the current 
associated with break response were unchanged. Subsequent application 
of 2% urethane in KCl sea water almost completely depolarized the cell 
membrane in a short period (40-50 sec) even in the presence of normal [Cl]. 
During a short period after the quick decrease of the resting potential a 
hyperpolarizing response was often found. Although it usually soon became 
less marked, a slight decrease of the membrane conductance was usually 
seen for some time when the anodal polarization reached a certain ampli- — 
tude. 

When an outward current pulse was applied to the urethane-KCl-treated 
cell membrane, hyperpolarized by an inward current of a sufficient inten- 
sity, a prolonged break response appeared (Fig. 11, A, 1). When the 
urethane-KCl sea water was replaced with normal KCl sea water a few 
characteristic changes were observed. The resting potential usually in- 
creased slightly, the resting membrane conductance increased and the 
duration of the break response produced by a short outward current pulse 
became shorter (Fig. 11, A, 2). The current—voltage relations in the 
urethane-KCl and KCl sea water are given in Fig. 12. The abscissa in these 
figures indicates the membrane potential measured from the resting poten- 
tial level in the normal sea water. The relation at the steady state is given 
by filled circles and at the peak of the initial surge by open circles. The 
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results show that the current at the steady state as well as at the peak of 
the surge is decreased in the presence of urethane. However, the duration 
of the initial surge was much prolonged in urethane-KCl solution. The 
current-voltage relation of the membrane was still quite far from the 
steady state in the urethane solution after 250 msec, while it had almost 
reached the steady-state level in KCl sea water (crosses in Fig. 12, I and II). 
This presumably corresponded to the prolonged break response of the 


Fig. 11. A, break responses (shown in lower traces) produced by short current 
pulses (shown in upper traces) in a KCl sea water containing 2% urethane (A1), 
and after the cell had been brought back to normal KCl sea water (A 2). Calibra- 
tions: v, 50 mV; c, 0-2 wA; time marker, 100 msec. B, membrane potential changes 
produced by inward current pulses of various intensities applied to a cell immersed 
in a KCl-sea water containing 2% urethane. Each pulse was applied while the 
membrane conductance was increased by a preceding large inward current pulse. 
Calibration: v, 50 mV; c, 0-2 uA; time marker, 100 msec. D and EH, conductance 
changes during and after the application of inward current pulses. A series of short 
outward current pulses were superposed on the inward currents (shown in upper — 
traces). Sets of record C and D were obtained in KCl sea waters with and without 
2% urethane respectively. Calibration: v, 50 mV; c, 0-2 wA; time marker, | see. 
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Fig. 12. Current—voltage relations of a cell membrane in a KCl sea water con- 
taining 2% urethane (I) and after washing the preparation with normal KCl sea — 
water (II). Membrane potential was measured from the resting potential of the cell 
when immersed in normal sea water. The resting potentials in the test solutions 
were indicated by arrows. Filled circles give the relation at the steady state of a 
single-step voltage clamp. Open circles and crosses show those obtained by two- 
step voltage clamp at the peak and 250 msec after the peak of the initial surge 
respectively. The conditioning hyperpolarization was 95 mV in (I) and 85 mV in (II). 
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urethane-treated cell in the absence of a voltage clamp. The steady-state 
current-voltage relation was linear for the hyperpolarization in the KCl 
sea water but a slight non-linearity was usually found when urethane was 
present. The slope of the relation was slightly larger for a smaller hyper- 
polarization and this corresponded to the fact that the resting membrane 
conductance was slightly higher than that of the hyperpolarized membrane. 

To measure the membrane conductance a series of small outward current 
pulses were applied to the membrane during and after the anodal polariza- 
tion. Figure 11C and D show the results obtained in urethane-KCl and 
KCl sea waters respectively. In both cases an increase of conductance was 
observed at the break of the anodal current but the change lasted much 
longer in urethane-KCl sea water. These records also show that the anodal 
polarization decreased the membrane conductance in the urethane solu- 
tion. Even when an anodal current was applied during the period of 
increased membrane conductance a similar decrease was seen. A certain 


threshold value of hyperpolarization was found for this conductance de- 


crease and this is shown in Fig. 11_B. This record was obtained by applying 
inward current pulses of various intensities during the period of increased 
membrane conductance. The phenomenon seems to be similar to the hyper- 
polarizing response described before. 

Cocaine (0-5°%) also diminished the spike potential of the cell when 
added to the sea water. However, the effect on the break response was a 
simple depression in the normal as well as K-rich media. 


DISCUSSION 


In the previous paper (Hagiwara & Saito, 19595) it was shown that the 
membrane current associated with a rectangular change of the cell mem- 
brane potential in normal sea water is characterized by two component 
currents ; one is related to the rise of spike potential and the other to the 
slowly developing rectifying action of the cell membrane. The former is 
associated with a conductance increase of the membrane to an equi- 
librium potential which is similar to the peak level of the spike potential, 


_. and the latter is associated with a conductance increase to an equilibrium 


potential which corresponds to the potential level at the peak of the posi- 
tive after-potential. These two currents correspond to those referred as the 
sodium and potassium currents in the sodium theory (Hodgkin & Huxley, 
1952a, b). 

Beside these conductance changes the present results show that a third 
conductance increase is present during a conditioning hyperpolarization 
and that this is related to the ‘break response’ of the cell. The equi- 
librium potential of the third conductance increase is similar to that of the 
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rectifying current. Although the equilibrium potentials are the same, the 
third conductance increase is usually very transient while the rectification 
lasts much longer. However, the slowly developing rectifying current also 
shows a certain slow decay when the membrane potential is maintained at 
high level for a long time. This becomes more marked when observed in 
K-rich media. | 

The common equilibrium potentials for these conductance changes are 
determined by the concentration of the potassium ions in the external 
solution. On the other hand, the resting potential depends on the chloride 
concentration as well as on that of potassium. After the resting potential de- 
creased in the potassium-rich media the break response was observed, but 
no conductance change was usually associated with depolarization. This 
indicates that the conductance increase associated with the slowly develop- 
ing rectifying action has already decayed during the maintained low resting 
potential. The hyperpolarizing response sometimes observed probably 
occurs before the decay of this conductance increase and therefore it 
represents a reversed reaction of the break response. 3 

These results indicate that the cell membrane undergoes a change from 
one state to the other by the shift of the membrane potential. In the one 
state the cell membrane shows an increased conductance to an equilibrium 
potential which is determined by the K concentration. Therefore the cell 
membrane is more dependent on the K concentration at this state. In the 
other state the membrane is less dependent on K concentration. By 
analysing similar threshold phenomena in potassium-rich media Stampfli 
(1958) and Moore (1959) attributed these two membrane states to changes _ 
in the specific membrane permeabilities to K and Cl ions respectively. On 
the other hand, Tasaki (1959) has explained these states in K-rich media 
as well as the threshold phenomena in the normal media with a theory of 
two stable states. 

The conductance change associated with the break response has not yet 
been observed in other excitable tissues. This conductance change and that 
associated with the delayed rectifying action may take place in different 
parts of the cell membrane. However, at present, we have too little evidence 
to reach a definite conclusion on this point. 


SUMMARY 


1. The current-voltage relations of the nerve cell membrane of 
Onchidium verruculatum were investigated when the potassium concentra-_ 
tion of the external medium was altered. 

2. An outward current pulse applied to the hyperpolarized cell mem- 
brane produced a ‘break response’ when the membrane potential reached 
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a certain critical level. The conductance increase associated with the break 
response had an equilibrium potential which was similar to that of the 
increase associated with the delayed rectification of the membrane and 
also to the peak of the after-potential of the spike. 

3. This common potential level was determined exclusively by the 
K concentration of the external medium, while the resting potential 
depended on both the Cl and K concentrations. 

4. When the resting potential was decreased in K-rich media an inward 
current of sufficient intensity sometimes produced a ‘hyperpolarizing 
response’, which represented a reversed reaction of the break response. 

5. Urethane did not depress but prolonged the break response, while 
the effect of cocaine was a simple depression of the response. 


The authors wish to express their gratitude to Dr C. Edwards and Dr R. D. Keynes for 
their valuable discussions while preparing the manuscript. The present work was supported 
by grants from the Rockefeller Foundation and the Ministry of Education in Japan. 
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Of all the solutes so far identified in sweat quantitatively the most 
important are sodium, potassium, chloride, lactate, urea, and ammonia. 
Sodium and chloride are nearly always the most abundant of these solutes. 
Although workers at the beginning of the century (Ardin-Deltiel, 1900; 
Bogdan, 1904; Strauss, 1904) attempted to determine a relationship 
between the sodium chloride concentration of sweat and its osmotic or 
more strictly its colligative properties, it was not until 1949 that a com- 
parison was made by van Heyningen (1949) between the concentrations of 
all these constituents taken together and the osmotic pressure of sweat. 
More recently Lichton (1957), and Adams, Johnson & Sargent (1958) again 
investigated this relationship. Whilst van Heyningen and Lichton con- 
cluded from their analyses and calculations that they were able to account 
for the major portion of the colligative properties of sweat in terms of 
known constituents, Adams et al. were unable to confirm these results. In 
fact under certain conditions they concluded that a very considerable 
: proportion of the osmotic pressure of sweat remained unaccounted for. 
In view of this disagreement oe relationship has been examined in this 
investigation. 


THEORETICAL CONSIDERATIONS 


In order to understand the nature of the problem involved, and to correct misconceptions 
which seem to exist amongst some workers in this field, a brief discussion of aspects of the 
theory relating to the colligative properties of solutions is presented. 

From purely thermodynamic considerations it can be shown that the following relations 
apply to very dilute and ideal solutions: 

n = RTm; 
AT = Km; 
where 7 = osmotic pressure, 

R = gas constant, 
T' = absolute temperature, 

m = molality, 

_AT = depression of freezing point of solvent in solution, and 
K = eryoscopic constant. 
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Whilst sweat solutions are very dilute, they are not ideal in behaviour. Although an ideal 
solution, like an ideal gas, is purely a concept, with dilute non-electrolyte solutions devia- 
tions from ideality are so small that the behaviour of these solutions can be considered as 
ideal. With electrolyte solutions, however, deviations from ideality are considerable, even 
with solutions as dilute as sweat. 

In order to deal with the properties of non-ideal solutions in terms of thermody icall 
derived relationships the important concepts of the activity and osmotic soeliabaaite have 
been introduced. Both these coefficients represent departure from ideal behaviour and one 
of them must always be introduced with concentration terms when applying exact thermo- 
dynamic relationships to solutions which show marked deviations from ideality. As both 
these coefficients are correction factors they must be assessed by direct determination and 
their values so obtained only apply to the conditions under which they were determined. 

‘The osmotic coefficient is so defined that the corrected osmotic-pressure and —— 
point now become: 


= dm; 
AT = Kdm; 


where ¢@ = molal osmotic coefficient. 


Again, from purely energetic considerations the osmotic pressure of dilute solutions can 
be shown to be directly proportional to the depression of the freezing point. Several 
assumptions are involved in deriving this proportionality, but for nearly all practical 
_ purposes the discrepancies due to omitting to take into account these assumptions can be 
neglected. Further, as no concentration term is involved in this proportionality the relation- 
ship applies to non- ideal as well as to ideal solutions. 

The most frequently used units of osmotic pressure are osmoles. An osmole is the cambio 
pressure which would be exerted by 1 g-molecule of an ideal non-electrolyte in 1000 g of 
solvent at 0° C (Dick, 1959). Therefore, for an ideal solution a (osmoles) = m, but for a 
non-ideal solution 2 (osmoles) = ¢m. An osmole is equal to 22-4 atmospheres, and an 
osmolar solution with water as the solvent would give a depression of the freezing point of 
1-86° C. Thus the constant relating the osmotic pressure (in osmoles) to the depression of the 
freezing point (° C) becomes 1/1-86 for-water as solvent. Because of the non-ideality of 
solutions, an osmole is not a measure of concentration: hence the use of such expressions so 
frequently encountered in sweat physiology literature as ‘milli- osmoles/litre’ should be 
avoided. 

It is difficult to make direct osmotic pressure measurements. The colligative properties of 
solutions are more easily investigated by studying the depression of the freezing point. 
Osmoles are, however, the most convenient units in which to express the magnitude of the 
colligative properties. Because of the relationship between the depression of the freezing 
point and the osmotic pressure the colligative properties of a solution can be assessed from 
the freezing point data and the results expressed in terms of osmoles. 


METHODS 


Sweat was collected by enclosing the arm in an impermeable envelope and by draining off 
the sweat at intervals. Sweating was induced either by placing the subject’s feet in a hot 
water-bath (44° C) or by exposure of the subject to 40° C dry bulb, 32° C wet bulb in a hot 
chamber. Before each series of collections the arm was rinsed with tap water, dried, and 
thoroughly washed with distilled water. Directly the sweat had been collected it was 
stored at —4° 0. A certain amount of skin debris was usually obtained with the samples; 
this was centrifuged off before analysis. 

Analyses of the following substances were carried out on each sample of sweat: sodium 
and potassium by flame photometry, chloride by the method of Sendroy (1937), urea and 
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ammonia by Conway’s microdiffusion technique (1947), lactate by the method of Barker & 
Summerson (1941). The pH of the sweat was also determined with a pH meter. 

A Fiske thermistor osmometer was used to determine the osmotic pressure. Calibration 
was carried out with sodium chloride solutions of known concentrations, the values of the 
osmotic coefficients at these concentrations being obtained from Electrolyte Solutions by 
Robinson & Stokes (1955). 

As stated above, it is, strictly, invalid to attempt to calculate the osmotic pressure of a 
solution from the concentrations of its solutes unless the appropriate osmotic coefficients are 
known, and these have only been determined for simple one-component systems. No 
attempt has, therefore, been made to calculate osmolalities from eoncentrations. Instead, 
after analysing the sweat samples, synthetic-sweat solutions of identical composition were 
made up from solutions of sodium chloride, potassium chloride, ammonium chloride, sodium 
lactate, and urea. The osmolalities of these synthetic-sweat solutions were then compared 
with those of the actual sweat samples. 


RESULTS 


Sixty-three samples of sweat obtained from fourteen subjects were 


analysed. Table 1 gives the values obtained for all the analyses. The sweat 
samples covered a wide range of concentrations and were all within those 
ranges previously reported for sweat collected in an arm bag. The osmo- 
lalities of the sweat samples (Table 2) were likewise very varied; whilst 
the majority of the samples were markedly hypotonic to plasma, a few 
samples were hypertonic to normal plasma values. Considerable variations 
in the sweat rate occurred (Table 2), i.e. from 4 to 64 ml./hr. 

Table 2 also gives the osmolalities of the synthetic-sweat solutions, and 
a plot of osmolalities of synthetic sweat against osmolalities of real sweat 
is shown in Fig. 1. An analysis of variance of the regression of this plot 


‘was carried out and an F test showed that there was a highly significant 


correlation at the 0-1°% level. The linear relationship between R (osmo- 
lality of sweat) and S (osmolality of synthetic sweat) is given by 


S = 01485 +40-9192R 
(+2-4084) (+0:0562) 


where confidence limits are expressed at 95° level of probability. This 
shows that: (i) the gradient of the line is significantly less than unity, 
(ii) the line passes significantly close to the origin. Therefore the osmo- 
lalities of the synthetic-sweat solutions were significantly lower than those 
of the sweat solutions, and the discrepancy between the osmolalities of the 
two solutions was proportional to the osmolality of the sweat. 

Defining the osmotic deficit as the difference between the osmolalities of 
the real sweat and synthetic-sweat solutions, expressed as a percentage of 


the osmolality of the real sweat, i.e. 


p-#-8 


Rp * 100, where D = osmotic deficit, 
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then the osmotic deficit showed no tendency to vary with the osmolality 
of the sweat. Because of the near proportionality between S and R a mean 
value of R from all the results was taken in order to determine the osmotic 
deficit. The value of this deficit thus estimated is 8-0 with a confidence 
interval of (12-5, 1-0). | 3 

The pH of the individual sweat samples (Table 2) varied between 4-6 
and 7-1, the mean value being 5-9. The mean value of the pH for all the 
synthetic-sweat samples was 6-4. No serious discrepancies should, there- 
fore, have occurred on this account. 


TABLE 1. Concentrations of the constituents of sweat* 


Na* Kt NH,* Cl- Lactate 
No. of —— A» ——. Urea 
Subject samples (m-equiv/l.) m-mole/I. 
Water-batht 
36 5941-0 2:940-5 87:34 64 15-2426 10-641-4 
CC 5 83 61410 3440-9 88 13-6439 6940-8 
FF 18 59 8141-3 2640-7 5094+ 62 18:34+42 60+0-8 
Hot roomt 

A 4 108-5+39-7 874+4-1 3441-0 89-94+35-0 24:8+52 10:2+2-3 

B 2 60-0+ 27:3 10-0416 45+1-1 48:54+28:3 30-8+9-1 13-0+2-5 

E 3 29-7+ 98 7:24+0-8 7:140-2 240+ 8-7 188415 14:1+1-8 
F 3 5504120 4941-0 47:5+11-8 22-44+3-0 13-0+3-1 
K 8 138-6+21-0 10:14+1-4 3-8+0-6 123-34+20-3 22-44+3-1 13-9+2-1 
L 3 104-5+20-3 11:44+1-4 3:240-9 96-54+20-4 27:14+3:5 9942-2 

P 3 53-1+ 95 97402 3:5+03 45:2+ 83 179409  82+0-4 
R 3 56-14+16-9 8040-8 3840-7 47:14159 181429 10:34+1-0 
RR 0-0 11:14+00 6640-0 49:0+0-0 30:8+0-0 16:5+0-0 

8 3 66-1+15°7 9-4+0-6 3-24+0-5 57-8415-6 12-6+1-1 
W 3 80-0+21:9 9940-8 40+03 68-3421-8 249410 7:8+0-2 

* Mean +s8s.pD. + See Methods 


TABLE 2. Rate of secretion, osmotic pressure and pH of ‘synthetic’ and real sweats* 


Osmotic pressure 


(m-osmole) 

Rate of pH 

secretion A Berd 

of sweat ‘Synthetic’ ‘Synthetic’ 

Subject (ml./min) Sweat sweat Sweat sweat 

C 0-41 + 0-08 212-0+ 10-1 197-34 7:0 6-14+0-3 6-4+0-1 
CC 0-52+0-21 - 1082+ 6-9 97-7+ 10-0 6-5+0-1 6-2+0-2 
FF 0-69 + 0-19 144-5+ 12-3 133-7 + 10-3 6-1+0-7 6-4+0-2 
A 0-31+0-16 238-64 82-6 225-3 + 80-0 5:7+0-1 6-3+0-2 
B 0-28 + 0-04 157-3 + 40-0 151-8 + 37-8 6-6+0-1 
E 0-42 + 0-27 105-2 + 22-1 93-0 + 18-1 4-7+0-1 6-4+0-2 
F 0-60 + 0-33 147-2+ 16-0 138-3 + 16-5 5-6+ 0-2 6-4+0-1 
K 0-37+0°18 316-14+45-1 287-44 41-9 6-5+0-3 6-3 + 0-2 
L 0-39 + 0-10 246-8 + 36-5 231-7 + 33-0 5:7 + 0-2 6-4+0-1 
P 0-48 + 0-15 135-8 + 20-3 126-5 + 16-3 6-4+ 0-2 6-6+0-1 
R 0-42 + 0-24 149-3 + 33-5 131-8 + 29-3 5-5+0-1 6-5+0-0 
RR 0-06 + 0-0 191-5+ 0-0 1620+ 0-0 5:2+0-0 6-5+0-0 
8 0-32+0-11 174-2 + 157-5 + 25-8 5-3+0-0 6-5+0-1 
WwW 0-26 + 0-12 195-2+ 41-5 179-3 + 43-1 5-0+0-1 6-5+0-1 


* Mean +s.D. 
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Of the other substances which have been detected in sweat the most 
important quantitatively are calcium, sulphate, amino acids, and to a less 
extent reducing sugars, bicarbonate, and creatinine. Although these occur 
in small amounts compared with the five major constituents, they would 
on the average account for at least 4% of the total osmolality (Robinson & 
Robinson, 1954). If this portion is added, at least 96 % of the osmotic 
pressure of sweat has been accounted for in terms of known constituents. 
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Osmotic pressure of real sweat (m-osmole) 


Fig. 1. Relation between osmotic pressure of real sweat and of ‘synthetic’ sweat 
solutions. (1) Regression line if no osmotic deficit had occurred. (2) Regression 
line obtained, 


The sums of the measured cations and anions in mg-ions/]. are given in 


_ Table 3, and the difference between these two sums (ionic deficit) is ex- 


pressed as a percentage of the total ionic and molar concentrations (total 
‘molarity’). The value of this deficit ranged from a cationic deficit of 
6-2 °% to an anionic deficit of 4-5°%. The mean value of this deficit was, 
however, an anionic deficit of only 1-2%. 

If osmotic coefficients are neglected and the total ‘molarity’ (Table 3) is 


compared with the osmolality for all the solutions, no over-all deficit was 
obtained. 
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TABLE 3. Cationic and anionic conoeittitions, | ionic deficit, and total molarity* : 


. Ionic deficit Sum of 
Sum of cations Sum of ‘eslond (% total constituents 
Subject (mg-ions/1.) (mg-ions/I.) ‘molarity ’) (m-mole/I.) 
C 101-8+ 3-2 1025+ 4:7 —0-3+0°8 2145+ 7:9 
CC 56-3 + 16-9 49-3+ 4-9 +0-8+1-6 106-8 + 10-8 
FF 731+ 5-6 69-2+ 5-8 +2-6+1-1 148-34 11-2 
A 120-6 + 44-1 114°7 + 40-2 +2-2+0-8 245-5 + 86-6 
B 74-5 + 24-6 79-3 + 19-2 —3:4+4-0 167-0+ 41-0 
E 44-0+ 10-0 42-8+ 8:7 +1-6+0°4 101-0+ 18-7 
F 68-5 + 10-2 69:9+ 8-9 —15+0-7 151-3+ 16-5 
K 162-5 + 22-3 145-7 + 20-9 + 2-2+0-7 312-0 + 44-6 
L 119-0 + 18-6 123-6 + 18-2 —1-9+0°5 252-7 + 35-1 
P 66-3+ 9-3 63-1+ 7-9 +234+08 137-7+17°5 
R 67-9 + 16-6 65-2 + 13-9 +1-64+1°8 143-3+ 31-3 
RR 82:7+ 0-0 79-8+ 0-0 +1-6+0-0 179-0+ 0-0 
8 78-8 + 16-0 79-8 + 13-7 —0:74+1°5 171-3 + 29-0 
WwW 93-9 + 22-9 93-2 + 22-4 +0-3+0-2 194-7 + 45-5 
* Mean+s.p 
DISCUSSION 


Lichton (1957) collected forty-five samples of forearm sweat in an 
impermeable envelope from one subject, and analysed them for sodium, 
chloride, potassium, lactate, ammonia, and urea. Comparing the values of 
the total ‘molarities’ and osmolalities obtained for his solutions, and 
assuming an equivalence between ‘molarities’ and osmolalities (i.e. neg- 
lecting the osmotic coefficients), he claimed to have accounted for all the 
osmotic pressure of sweat in terms of these constituents. This claim can be 
supported by results obtained in this investigation. 

Using fifty arm-bag samples from each of three subjects van Heyningen 
(1949) measured the osmotic pressure and determined its chloride, lactate 
and urea contents. She then assumed equivalence between the chloride 
plus lactate on the one hand and sodium, potassium, plus ammonia on the 
other, and further assumed that there would be about 1/10th the amount 
of potassium compared to sodium present. These assumptions can be 
regarded as approximately correct. To her oe: ane then applied the 
following relationship : 

Kz 


r=) 
where a7 = osmotic pressure in osmoles, 
| K = cryoscopic constant of component, 
a = molar concentration of component, and 
n = number of measured components, 


and thus obtained a mean osmotic deficit of 8°. By applying the same 
relationship to the present data a mean osmotic deficit of about 4% is 


« 
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obtained. This relationship does not, of course, allow for the variability of — - 


the osmotic coefficient with different concentrations and so is not strictly 

valid, although it appears to yield a closer approximation than that 

obtained by totally neglecting the osmotic coefficients and assuming total 
‘molarity’ to be equal to osmolality. 

Adams et al: (1958) collected 375 samples of arm sweat from 95 men 
using impermeable gloves and analysed them for sodium, potassium, 
chloride, lactate and urea. Simply by comparing total ‘molarities’ with 
osmolarities (cf. Lichton, 1957) they concluded that ‘in about 15% of all 
samples as much as 25 % of the total osmolarity remained to be accounted 
for’. Sweat samples were collected daily for six weeks, and some of their 
subjects were maintained during the 3rd and 4th weeks on different dietary 
regimens. It was from these subjects that they appear to have obtained 
the most pronounced osmotic deficits, ie. an average deficit of 12% . For 
all other subjects average deficits were 7%. The osmolalities of the 
synthetic-sweat solutions (Table 2) were on the average about 9% less 
than the total ‘molarities’. Using this value to allow for the non-ideality 
of the sweat collected by Adams et al., their mean osmotic deficits would 
be of the order of 15% for ‘control’ subjects and 20% for ‘experimental’ 


‘subjects. Not only does this markedly reduce the apparent differences 


between their ‘experimental’ and ‘control’ subjects, but it shows that 
there is a marked difference also between their ‘control’ values and the 
values obtained in this investigation. 

Adams et al. found that an over-all anionic deficit occurred for both 

‘experimental’ and ‘control’ subjects, and that this, as well as the osmotic 
deficit, was greater for ‘experimental’ than for ‘control’ subjects. On the 
basis of this evidence they postulate the presence in sweat of a hitherto 
unrecognized ‘organic acid of high pK’ on the assumption that, at the 
mean value of the pH of their sweat samples (pH 5), the acid would only 
be partially ionized and hence its osmotic effect would be greater than its 
ionic effect. The ionic differences obtained in this investigation (Table 3), 
however, can readily be explained by the presence of small quantities of 
known but unanalysed constituents. _ 

What is even more striking about the results of Adams et al. is the very 
marked variation in the value of their osmotic deficit. They state that there 
were relationships between the rate of secretion of sweat, the osmotic 
pressure of the sweat, and the osmotic deficit. At high osmotic pressures 
and low rates of secretion there was a tendency for the osmotic deficit to 
increase, so that at very high osmotic pressures and very low rates of 
secretion 40-50% of the total osmolarity was unaccounted for. Their 
claim was not confirmed by the investigation reported here. Although 
there were considerable variations in the rate of sweating (Table 2) and 


7 


§ 
y 
‘ 
3 


SWEAT PROPERTIES AND COMPOSITION 497 


‘~~also in the osmolality of the sweat there was (i) no general tendency for 
the osmotic deficit to increase with low rates of flow, and (ii) no tendency 
for the osmotic deficit to vary at all with changes in osmotic pressure 
(Fig. 1). 

The results of this ti cedtiiation confirm those of van Heyningen (1949) 
and Lichton (1957) in that the major portion of the osmotic pressure of 
sweat can be accounted for by the presence of known constituents. 


SUMMARY 


1. Sixty-three samples of sweat from fourteen subjects were analysed: 
osmolalities of the sweat solutions and of solutions made up containing the 
analysed concentrations were compared. The mean osmotic deficit thus 
obtained in terms of the measured constituents was 8 °%. 

2. The results show that together with the other known constituents in 

sweat the major portion of the colligative properties of sweat can be 
accounted for in terms of known constituents. | 


I wish to thank Dr J. 8. Weiner for his helpful advice. I also wish to thank Mr R. W. 
Hiorns for carrying out the statistical analyses and Mr J. O. C. Willson for his assistance in 
some of the chemical analyses: | 
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Brady (1958) and Wakil (1958) have shown that cell-free preparations of 
pigeon liver synthesize long-chain fatty acids through a pathway which 
includes the formation of malonyl co-enzyme A (CoA) from acetyl CoA 
and CO,. It has also been shown that biotin and Mn?* are required for 
this carboxylation (Wakil, Titchener & Gibson, 1958; Brady, 1958; 
Wakil, 1958). We have recently shown that the synthesis of cholesterol 
and fatty acids by cell-free fractions of rat liver can be modified by injecting 
the rats with thyroxine before the livers are removed (Fletcher & Myant, 
1960). When the rats are given 20 yg of thyroxine, there is an increase in 
cholesterol synthesis and a fall in fatty acid synthesis. With doses of 30 yg 
or more both syntheses are usually depressed. In order to interpret these 
results it was necessary to know whether our cell-free fractions of rat liver 
synthesize fatty acids by the same pathway as that followed in the pre- 
parations of pigeon liver used by Brady (1958) and by Wakil (1958). The 
effect of small doses of thyroxine also raised the question as to how far 
the two biosynthetic pathways are linked by competition for common 
cofactors or precursors. If they are so linked, it might be expected that 
when the rate of one biosynthesis is modified, that of the other would 
tend to change in the opposite direction. In this paper we describe the 
effect of various cofactors on the synthesis of fatty acids and cholesterol 
in cell-free fractions of rat liver. 


METHODS 


The following abbreviations are used in this paper: DPN and DPNH, diphosphopyridine 
nucleotide in oxidized and reduced form; TPN and TPNH, triphosphopyridine nucleotide 
in oxidized and reduced form; ATP, adenosine triphosphate; G6P, glucose 6- phosphate. 

The rats were albino males of an inbred strain weighing 120-150 g. They were killed by 
a blow on the head and the livers were removed at once and homogenized by the technique 


of Bucher & McGarrahan (1956), modified by Popjék, Gosselin, Gore & Gould (1958), in 


ice-cold buffer consisting of 0-1m potassium phosphate buffer at pH 7:4; 0-005m-MgCl, ; 
0-03 nicotinamide; and 0-003 glutathione. Nuclei and cell debris were removed from the 
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homogenate by centrifugation at 2000g for 25min. The mitochondria were then removed 
from the supernatant by centrifugation at 10,000g for 20 min. The resulting supernatant, 
containing the lighter subcellular particles and the soluble enzymes of the cell sap, is desig- 
nated 8,5. In some experiments the lighter particles (microsomes and granules of glycogen) 
were separated as a pellet by a further centrifugation at 104,000g for 60 min. The super- 
natant (S;9,) from this spinning was decanted from the pellet (M). The pellet was washed by 
suspending it in a volume of buffer equal to one-fourth the volume of the §,,, and spinning 
it at 104,000g for a further 60 min. The washed pellet was then suspended in a volume of 
buffer equal to one-tenth the original volume of 8,9. 8,,, was also centrifuged a second time 
to remove any microsomes that had remained in suspension after the first spinning at 
104,000g. All these operations were carried out at 0° C. 

Incubation of tissues, All incubations were carried out for 2 hr at 37° C, with air as the 
gas phase, in a standard medium consisting of the buffer used for preparing the fractions, 
with the addition of DPNH (1-0 umole), TPN (0-5 pmole) and glutathione (20 wmole); other 
cofactors were added as described under Results. The final volume, including homogenate 
and buffer, was 3-5 ml. Each flask contained the §,, derived from 0-7 g of fresh liver. At the 
end of the incubation, 2 mg of cholesterol was added as carrier to each flask and the contents 
were hydrolysed by allowing the flasks to stand for 2 hr on a steam-bath after the addition 
of 1 ml. saturated NaOH and 3 ml. ethanol. In some experiments 40 mg of soap prepared 
from ox fat was also added as carrier before the hydrolysis. After hydrolysis cholesterol (as 
digitonide) and fatty acids (as soaps) were isolated and assayed for radioactivity by the 
methods described elsewhere (Fletcher & Myant, 1960). In some experiments the soaps 
were redissolved in water and acidified. The free fatty acids were then extracted with 
petroleum ether and methylated with diazomethane..The methyl esters were separated 
and their radioactivity determined by gas-liquid radioch t phy, as described by 


Popjék, Lowe, Moore, Brown & Smith (1959). Avidin was prepared from fresh eggs by 
the method of Woolley & rset sis (1942). 


RESULTS 
Effect of cofactors on synthesis of fatty acids and cholesterol from acetate 
The effect of the cumulative addition of CoA, ATP, HCO,~-, malonate 
and Mn*+ on fatty acid and cholesterol synthesis was studied in Sj 
fractions. Table 1 shows the results from a representative experiment. 
When all five factors were present, synthesis of fatty acids was increased 
to more than 28 times that observed in the standard medium alone. The 
effect on cholesterol synthesis bore no consistent relationship to the change 
in fatty acid synthesis. Cholesterol synthesis was stimulated by CoA, but 
inhibited by ATP and Mn?+. A similar degree of inhibition of cholesterol 
synthesis was also observed when Mn?2+ was added in the absence of CoA, 
ATP, HCO,-, and malonate. The effects of HCO,- and malonate were 
variable. In some cases there was a rise in cholesterol synthesis; in others 
there was a fall. 
Effect of biotin and avidin 
Biotin had very little effect on fatty acid synthesis, either in the 
standard medium alone or in the presence of all the cofactors shown in 
Table 1. However, it was possible to demonstrate a requirement for 


biotin by observing the effect of avidin, a specific inhibitor of biotin. 
32-2 
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When avidin was added to the incubation medium, fatty acid synthesis 
was depressed to less than 10% of that observed in the absence of avidin, 
and the depression was reversed almost completely by the addition of 
biotin. Table 2 shows an experiment in which the effect of avidin was 
observed in the presence of the standard medium to which other cofactors 
were added. In spite of the marked effect on fatty acid synthesis, avidin 
had no consistent effect on cholesterol synthesis. In the experiment shown 
in Table 2 there was a slight depression, but in others there was a slight 
increase, as in Table 3. 


TaBLE 1, Effect on fatty acid and cholesterol synthesis from acetate of adding cofactors 
to §,, fractions from normal rat liver incubated in standard medium with [1-“C] acetate 
(25 pe+20 pmole); CoA, 0-1 pmole; ATP, 10-5 pmole; KHCO,, 35 umole; K malonate, 
25 umole; Mn**+, 12 umole. The finai volume was 3-5 ml. Values show average umole ( x 10*) 
acetate/g wet tissue incorporated into fatty acids and cholesterol in 2hr in duplicate 
incubations 


Additions to standard medium Fatty acids Cholesterol 


None 397 269 
934 444 
CoA + ATP 174 
CoA+ATP+HCO,- | 3023 145 
CoA + ATP +HCO,- + malonate 8100 151 
CoA + ATP +HCO,~ + malonate + Mn?+ 11,130 63 


Note. In this experiment ATP was added after CoA, and depressed cholesterol synthesis 


but had no effect on fatty acid synthesis. When ATP (10-5 pmole) was added without CoA, — 


fatty acid synthesis was always stimulated. 


TaBLEe 2. Effect of avidin on fatty acid and cholesterol synthesis from acetate by 58,, 
fractions from normal rat liver. Each flask contained standard medium, with CoA, 0-1 
pmole; ATP, 17-5 umole; G6P, 10 umole; KHCO,, 35 umole; K malonate, 25 pmole; 
{1-“C]acetate (5 uc+20 umole). The final volume was 3-5ml. Avidin and biotin were 
added in the quantities shown in the Table. Values show average pmole ( x 10*) acetate/g 
wet tissue incorporated into fatty acids and cholesterol in 2 hr in duplicate incubations 


~~ Additions to medium Fatty acids Cholesterol 
None 6082 505 
Biotin (10 yg) | 8033 505 
Avidin (equivalent to 2 yg biotin) 471 459 
Avidin + biotin (10 yg) 5767 471 


Effect of HCO,-, malonate and Mn*+ on cholesterol synthesis in the 
presence of avidin — | 
The depression of cholesterol synthesis in the §,, fraction by ATP and 
Mn? (Table 1) might be due either to a direct inhibition of cholestero! 
synthesis, or to a shortage of common precursors or cofactors resulting 
from the stimulation of fatty acid synthesis. In an attempt to distinguish 
between these two possibilities, the effect of these substances was tested 
in the presence of avidin. In the experiment shown in Table 3 avidin 
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inhibited fatty acid synthesis, both in the standard medium and in the 
presence of all the additional cofactors. As in the experiment shown in | 
Table 2, synthesis in the presence of avidin was restored to the control 
level by the addition of biotin. The inhibitory effect was most marked 
when synthesis was tested in the presence of all the five factors required 
for optimal synthesis in the 8, fraction. Under these conditions synthesis 
in the presence of avidin was only 4:3°% of that observed in its absence. 


Tase 3, Effect of avidin on the synthesis of cholesterol ard fatty acids from acetate by 
§,) fractions from normal rat liver, in the standard medium alone (3-5 ml. final volume, 
with 5 we + 20 umole [1-'C] acetate) and with the addition of cofactors required for optimal 
synthesis of fatty acids. The cofactors were added in the following amounts: ATP, 10-5 umole; 
CoA, 0-1 pmole; KHCO,, 35 wmole; K malonate, 25 umole; Mn*+, 12 umole; avidin 
equivalent to 2 wg biotin; biotin, 10 ug. Values show average pmole ( x 10*) acetate/g wet 
tissue incorporated into fatty acids and cholesterol in 2 hr in duplicate incubations 


No avidin With avidin 
Additions to standard medium Fatty acids Cholesterol Fatty acids Cholesterol 

None 684 388 172 462 
ATP 1333 193 187 206 
ATP+CoA 1331 327 432 339 
ATP +CoA + HCO,- 3682 337 457 385 
ATP +CoA+HCO,~- + malonate 6185 246 317 
ATP +CoA+HCO,- + malonate + 9702 67 419 90 

Mn?2+ 
ATP +CoA+HCO,- + malonate + — — 10,087 68 

Mn*+ + biotin 


The effect of the additional cofactors on cholesterol synthesis was inde- 
pendent of the amount of fatty acid synthesized. This is most clearly seen 
in the case of ATP and Mn?*, each of these cofactors inhibiting cholesterol 
synthesis to about the same extent in the presence of avidin as in its 
absence, 
Synthesis of fatty acids in S19, and M fractions 

In cell-free preparations of rat liver, cholesterol synthesis cannot take 
place in the absence of the microsome fraction (Popj4k e¢ al. 1958). 
Wakil, Porter & Gibson (1957), on the other hand, found that all the 
enzymes needed for fatty acid synthesis in cell-free preparations of pigeon ~ 
liver were in the soluble fraction. We have compared synthesis of fatty 
acids and cholesterol in the S,,, of rat liver with that in the combined 8,9, 
and M fractions, in the standard medium and in the presence of the 
cofactors required for optimal synthesis of fatty acids. The amount of 
fatty acid isolated from the §,,, alone was small and rather variable 
(0-5-2-0 mg). This introduced an error into the comparison, since the 
amount of fatty acid synthesized is proportional to the product of specific 
activity and amount isolated. In order to overcome this difficulty, a large 
excess of soap (40 mg) was added to the flasks at the end of the incubation, 
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so that the total amount of soap isolated was about the same in all cases. 
Cholesterol (2 mg) was also added, as in the previous experiments. In 
both the standard and the optimal medium synthesis of fatty acids 
always occurred in the 8,, alone, though the amount was less than half 
that observed in the combined §,,, and © fractions (Table 4). In three 
experiments the S,,, synthesized an average of 38 % as much fatty acid as 
the S,,,+ in the standard medium, and 24% as much in the optimal 
medium. Synthesis of fatty acids in the S,,, was not due to contamination 
of this fraction by microsomes from the M pellet, since the 8,9, did not 
synthesize any cholesterol (Table 4). 


Taste 4. Synthesis of fatty acids and cholesterol from acetate in 8,,, and M fractions 
from normal rat liver with and without cofactors required for optimal synthesis of fatty 
acids. Samples were incubated with [1-C] acetate (15 c+ 20 mole) either in the standard 
medium, or in the standard medium with CoA, 0-1 umole; ATP, 10-5 umole; G6P, 10 pmole; 
KHCO,, 35 umole; K malonate, 25 umole; Mn*+, 12 zmole (optimal medium). In each case 
the final volume was 3-5 ml. Each value shows average pmole ( x 10*) acetate/g wet tissue 
incorporated into fatty acids and cholesterol in 2 hr in a set of 4 incubations 


Medium Fraction Fatty acids Cholesterol 
Standard 98 0 
Sig tM 225 511 
Optimal 2143 0 
| Siogt+ 8571 159 


TaBLE 5. Percentage of total radioactivity in fatty acids of different chain length synthe- 
sized from [1-!*C] acetate in §,, fractions of normal rat liver. Fatty acids converted to 
methyl esters before analysis on adipate column (Popjak e¢ al. 1959) at 197° C - 


Chain length of fatty acid 
Standard 62 20 13 
Optimal 44 50 6 


* Standard medium and optimal medium are as described in Table 4. 


Length of carbon chain of fatty acids synthesized 

Synthesis of fatty acids by the malonyl CoA pathway in cell-free 
preparations of pigeon liver results in the formation of long-chain acids 
(Gibson, Titchener & Wakil, 1958). On the other hand, in the preparations 
of mammalian tissue studied by Hele, Popjik & Lauryssens (1957) and by 
Seubert, Greull & Lynen (1957), synthesis of fatty acids was considered 
to take place by the reversal of B-oxidation and resulted in the formation 
mainly of short-chain acids. It was of some interest, therefore, to test 
our preparations for synthesis of long-chain fatty acids. Accordingly, the 
radioactive fatty acids obtained from some of the experiments with S,, 
fractions were analysed by gas-liquid radiochromatography. Although 
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the greater part of the total activity was in the C,,, C,, and C,, fatty acids, 
small amounts of activity were also present in the C,, and Cy acids | 
(Table 5) in the standard medium and in the siamo of the sotackous 
required for optimal synthesis of fatty acids. 


DISCUSSION 


The stimulating action of bicarbonate and Mn?, and the inhibitory 
action of avidin, show that fatty acids are’‘synthesized in the §,, fractions 
of rat liver by a pathway similar to that followed in the soluble extract of 
pigeon liver studied by Gibson et al. (1958). The formation of long-chain 
radioactive fatty acids in the §,, fractions also supports this conclusion, 
since the yield of C,, and C,, acids is negligible when fatty acids are syn- 
thesized by the reversal of B-oxidation (Seubert e¢ al. 1957). Brady (1958) 
and Gibson et al. (1958) found that all the enzymes necessary for the syn- 
thesis of fatty acids by the malonyl CoA pathway in pigeon liver were 
present in the soluble fraction. In our preparations of rat liver, however, 
synthesis is much increased by the addition of microsomes to the §,,, 
fraction, As Ganguly (1960) has pointed out, the intracellular distribution 
of the enzymes concerned in fatty acid synthesis varies widely from one 
species to another. 

The stimulating action of non-radioactive malonate, first observed by 
Popjak & Tietz (1955) in rat mammary gland, is not easy to understand. 
Wakil & Ganguly (1959) have suggested that the fatty acid molecule is 
formed by the successive addition of units of malonyl CoA to a unit of 
acetyl CoA. Malonate might, therefore, be expected to increase the 
incorporation of }4C-acetate into fatty acids if the liver contains an enzyme 
- catalysing the conversion of free malonate to malonyl CoA. However, 
there is no evidence for the presence of a malonate-activating enzyme in 
rat liver. Moreover, if malonate stimulates fatty acid synthesis by in- 
creasing the amount of malonyl CoA, the stimulatory effect should not be 
inhibited by avidin, since this substance acts only upon the carboxylation 
of acetyl CoA to malonyl CoA; Table 3 shows that inhibition by avidin is 
as great in the presence of malonate as in its absence. One way of explaining 
the action of malonate is to suppose that rat liver contains an enzyme 
which breaks down malony] CoA and that this is inhibited by free malonate. 
There is, however, no evidence for this. 

The inhibitory effect of ATP and Mn** on cholesterol synthesis does not 
seem to be due indirectly to stimulation of fatty acid synthesis, since the 
effect still occurs when fatty acid synthesis is almost abolished by avidin, 
though avidin itself does not inhibit cholesterol synthesis. It is likely, 
therefore, that in the concentrations tested here these substances have 
a direct inhibitory action on cholesterol synthesis. The inhibition of 
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cholesterol synthesis by ATP is in agreement with the results of Knauss, 
Porter & Wasson (1959), who found that cholesterol synthesis reached a 
maximum when the concentration of added ATP was about 1 uwmole/ml. 
and that the amount synthesized was much reduced when the ATP 
concentration was increased to 3 zmole/ml., the concentration used here. 

The observation that a marked reduction in fatty acid synthesis makes 
little difference to the amount of cholesterol synthesized (Tables 2 and 3) 
suggests that in the conditions of these experiments cholesterol synthesis 


is largely independent of fatty acid synthesis. However, it cannot be— 


assumed that in the intact cell, under physiological conditions, the path- 
ways for fatty acid and cholesterol synthesis are as independent of one 
another as they appear to be in the §,, fractions we have studied. In our 
experiments acetate was added in excess, and this may also be true of 
some of the cofactors common to the two biosyntheses. In conditions in 
which the concentration of one or other of these was rate-limiting, com- 


petition might be expected to occur. 


SUMMARY 


1. The effects of certain cofactors upon the synthesis of fatty acids and 
cholesterol in a cell-free preparation of rat liver are described. 

2. Fatty acid synthesis from acetate was stimulated by adenosine 
triphosphate, HCO,~,-malonate and Mn**, and was inhibited by avidin. 
This suggests that fatty acids were synthesized in this preparation via 
the ‘malonyl-CoA’ pathway, known to occur in pigeon liver and other 
tissues. 

3. When fatty acid synthesis was stimulated by ATP and Mn**, 
cholesterol synthesis was depressed. This effect is not due to competition 
between the two biosyntheses for common precursors or cofactors, since 
the same depression was observed when fatty acid synthesis was inhibited 
by avidin. It is concluded that, in the concentrations tested, ATP and 
Mn?* directly inhibit cholesterol synthesis. 

4. Avidin, in concentrations sufficient to inhibit fatty acid synthesis, 
had little effect on cholesterol synthesis. It is concluded that the amount 


of cholesterol synthesized is largely independent of rested acid synthesis 
in the conditions of our experiments. 


We wish to thank Dr G. Popjak for interpreting the radiochromatograms obtained from 


_ the analysis of fatty acids. We are also indebted to Drs J. Christophe and R. Dils for help. 


Note added im proof. Since this paper was submitted for publication, our attention 
has been drawn to a paper by Bloomfield & Bloch (“The formation of A®-unsatuarated 
fatty acids’, J. biol. Chem. (1960). 235, 337-345) describing observations on the 
synthesis from acetate of cholesterol and fatty acids by whole yeast cells of a biotin- 
requiring strain. Synthesis of cholesterol was higher in the absence of biotin than 
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it was when fatty acid synthesis was restored by the addition of biotin. This suggests 
that inintact yeast cells there may be competition between the two biosynthetic 
pathways for common precursors or cofactors. As is pointed out in our Discussion, this 
does not necessarily conflict with our observations on the effect of avidin in the S10 
fraction of rat liver. | 
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ROLE OF THE VESTIBULAR APPARATUS IN THE PERCEP- 
TION OF MOTION ON A PARALLEL SWING 


es By E. G. WALSH 7 
From the Department of Physiology, University of Edinburgh 
(Received 14 October 1960) 


The sensitivity of the normal human being to linear motion has received 
little study ; the only determinations of threshold known to the author are 
given in Table 1. The origin of the sensations has been a matter of opinion. 


_ Neither Delage (1888) nor Travis & Dodge (1928) were convinced that 


vestibular receptors were important, whilst Bourdon (1914) suggested 


Taste 1. Thresholds of normal human subjects reported by other investigators 


Acceleration 
: Plane of _ at threshold 
Author(s) Year Apparatus movement (cm/sec?) 
Mach 1875 Balance Vertical 12 
Delage 1888 Parallel swing Horizontal 23 
Bourdon 1914 Trolley pulled Horizontal 4-15 
by falling 
weight 
Travis & Dodge 1928 Oscillating Horizonial 3-16 
platform 
Kunze quoted by Armstrong 1939 No details Horizontal 2-20 
Jongkees & Groen 1946 Parallel swing Horizontal 6-15 
Graybiel & Patterson* 1955 Human Horizontal 26 
centrifuge 


* Threshold for the ‘oculogravic illusion’, the apparent tilt of a source of light observed 
during rotation. The value has been.wecalculated from their data to facilitate comparison 
with the other results. 


that the problem should be approached by studying the sensitivity of deaf- 
mutes. An effort has now been made to settle the question experimentally. 
To provide the motion use has been made of a parallel swing, a stretcher 
suspended at its four corners by wires, and an attempt has been made to 
determine the role of the vestibular apparatus in the sensations set up 
when the swing oscillates. The influences of vestibular lesions have been 
investigated as have the effects of total immersion in water and of high 


spinal lesions. The work may be regarded as an extension of that of Jong- | 
kees & Groen (1946), who also used a parallel swing but were interested pre- 


dominantly in the sensations of tilt that may be aroused with somewhat 
larger swings than are needed for the sensation of motion. 
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METHODS 


a. A observations on patients with spinal and vestibular lesions and on normal subjects a 

parallel swing with wires 1-6 m long was used, giving a period to the motion of 2:5 sec 
(Fig. 1). Both longitudinal and transverse movements were used; with care yawing motion 
could be avoided. The person being tested indicated the direction in which he felt himself 
moving. The oscillations were gradually reduced in amplitude; the least value at which 
they could be detected was recorded. The mean of four such determinations was taken as 
threshold. The values are expressed in terms of acceleration and refer to the point at which 
the swing is changing direction and is momentarily still. Preliminary experiments on the 
effects of total immersion made use of a cylindrical tank mounted on a trolley which was 
moved backwards and forwards once every 2 sec along rails by a 1 h.p. electric motor. The 
subject stood in the tank breathing through a tube and indicated by a stick the direction 
of the motion. The method finally evolved employed the parallel swing method; a galvanized 
iron bath was supported at its four corners by wires giving a periodicity, again, of one 
cycle in 2-5 sec (Fig. 2). The subject lay totally immersed breathing through a tube, or 
tubes with inspiratory and expiratory valves. He was prevented from rising to the surface 
by padded boards at the head and feet; the direction in which he felt the motion to occur 
was signalled by tapping. The determinations of threshold with the procedure described 
above were restricted to transverse pacaeucune as longitudinal movements set up disturbing 
wave motion. 


‘RESULTS 
Effects of bilateral lesions of the vestibular apparatus 


Apparatus was set up at a school for deaf children ; ; the pupils all had 
some power of speech. The children were subjected to a Barany test, being — 
rotated once every 2 sec for 20 sec. The presence of nystagmus after the 
rotation in either direction indicated that some functional capacity 
remained in the semicircular canals. If no response was obtained with the. 
head in the normal position further tests were performed with the subject 
looking at the ceiling. If no nystagmus was then obtained after rotation 
either clockwise or anticlockwise it was concluded that the vertical as well 
as the horizontal semicircular canals were non-functional. In all the children 
used for the investigations audiometric examination had revealed the 
_ existence of severe bilateral nerve deafness. In this way four children were 
selected who were deemed suitable for the investigation. Their ages ranged 
from 8 to 16. Three of these had suffered from tuberculous meningitis, the 
fourth from meningococcal meningitis. 

_ The results on the parallel swing were clear-cut; the deaf children with 

no responses to the Barany tests had high thresholds; comparison with 
seven normal subjects aged from 6 to 33 is striking (Table 2). The true 
values for the sensitivity of the normals may be lower even than the 
figures recorded, for reliable oscillations could not be obtained at sufficiently 
small amplitudes in all instances. The total swing needed at threshold was 
often substantially less than 1 cm. 

Hereditary deafness affords an opportunity for separating the effects of 
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the saccules from the utricles, for in the common variety the pars inferior 
of the labyrinth consisting of the cochlea and saccule fail to develop 
normally whilst the utricle and semicircular canals are histologically 
normal (Fraser, 1932). In five of the children at the school there was a 
history of hereditary deafness. In each of them the deafness was associated 
with functional activity of the semicircular canals as shown by the 
occurrence of nystagmus after rotation. Their thresholds were elevated 
though less than in the previous group. The view that both saccule and 
utricle are concerned in the perception of linear motion could account for 
these findings (Szentagothai, 1952). 


Fig. 1. Subject lying on parallel swing. The rubber or plastic mattress used is not 
shown. The eyes were closed and covered with a black cloth. 


It is arguable that some of the differences are due to a lack of training 
of the deaf children, for the comparison in Table 2 is with a group of normal 
subjects who had previously received some practice. The deaf children 
certainly understood what was required of them and appeared to be trying 
to the limits of their abilities. Repetition of the tests at a later date was 
undertaken with more than one child and no clear evidence of increased 
sensitivity was obtained. The values in both groups of deaf children are 
furthermore higher than those of the untrained normal subjects tested at 
Stoke Mandeville (p. 511). In view of these considerations it would be 


unreasonable to dismiss the striking changes seen in the deaf children as 
being of no consequence. 


Effects of total immersion in water 
When the body is accelerated by the application of force to the surface, 
the extent to which somatic receptors will be stimulated depends on the 
area over which the force is applied; the possibility that motion is being 
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detected by somatic rather than by the vestibular receptors must always 
be considered. A given force is less likely to stimulate somatic receptors 
when it is spread over as wide an area as possible. Accordingly, immersion 
in water would be expected substantially to raise the threshold if somatic 
receptors alone were concerned. In the experiments with the cylindrical 
tank of water moved on the trolley eight subjects aged 17 to 40 were 
used. The mean threshold was 2-2 + 1-9 cm/sec? for motion in a sagittal 
direction and 2-4 + 1-5 cm/sec? for motion transversely. With the rectangu- 
lar bath eleven subjects were used aged 18 to 37. The mean values for 
detecting transverse motion was 6-4 + 2-9 cm/sec in the prone position 


TaBLe 2, Influence of bilateral vestibular lesions on sensitivity to linear motion 


Thresholds (cm/sec?) 
Incomplete 
| bilateral loss 
Complete (hereditary 
Position Normals bilateral loss deafness) 


Motion in long axis of Supine 2-5 + 2-2 (7) 21-1+6-1 (4) 11-2+ 5-3 (5) 
body Prone 1-9+ 1-0 (7) 22-3 + 19-8 (4) 9-1+3-9 (5) 
On right 1-9 + 16 (5) 20-5 + 8-4 (4) 10-3 + 2-5 (5) 

On left 2-2+1-9 (4) 26-0 + 21-0 (4) 12-0+ 3-7 (5) 

Motion in transverse Supine 1-9+0-7 (7) 17-4+ 5-0 (4) 9-9+4-1 (5) 
direction Prone 1-9 + 1-0 (7) 15-5 + (4) 8-4+ 4-0 (5) 
On right 1-94 1-1 (5) 15-5 + 6-4 (3) 11-2+3-2 (5) 

On left 1-6+ 2-1 (4) 22-0 + 16-0 (4) 8+4+3-7 (5) 


Figures in parentheses correspond to number of observations on which the calculations 
of the mean values and standard deviations are based. 


and 6-1 + 2-1 em/sec? supine. Lying on the right, values of 5-4 + 1-8 cm/sec? 
_ were obtained as against 5-5 + 2-3 cm/sec? when lying on the left. These 
values are higher than the control values of Table 2, but the situation is 
one scarcely favouring a high level of performance in a sensory test. The 
thresholds compare favourably with those reported by other workers 
(Table 1) and are about the same as the set of data from the second group 
of normal observers (p. 511). 

Conditions would be ideal if the body were of cnitoen density and if it were 
immersed far below the surface in a liquid of appropriate specific gravity 
so as to be accurately ‘trimmed’. These conditions cannot be fulfilled. As 
the density of the chest changes with respiration no amount of trimming 
is likely to yield more satisfactory conditions; some downward force must 
be exerted. At the regions of contact of the head and feet with the padded 
boards small but definite shearing forces must be set up, and it appeared 
just possible that these give rise to cues which could be used by the subject 
to detect motion. There was one further uncertainty. As the stretcher — 
_ oscillated a small change was observed in the level of the water on the two 

sides of the bath and there must have been correspondingly some currents 
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in the water below the surface. Introspections by the subjects did not 
suggest that this consideration was important except when some part of 
the body was very close to the surface. Nevertheless, there appeared to 
be a modification of technique worth investigation that would reduce both 
sources of error. By the immersion of the person not in water but in a 
viscous fluid the problem of trimming could be reduced, and the currents 
largely abolished. Accordingly, some observations were made with the 
bath filled with an industrial form of ‘Polycell’ cellulose paste. Four sets of 
results were obtained with the one subject used. In one of the four experi- 
ments the paste was thickened further by the addition of substantial 


Fig. 2. Subject in rectangular tank. The padded boards at the two ends which 
prevent the subject enene to the surface are not shown. 


quantities of sawdust. None of these ‘procedures caused an increment of 


threshold. The mean value lying supine was 7-1 + 2-8 ck and 4-3 + 
0-7 cm/sec? lying prone. 


Effect of spinal injuries 


The results obtained in normal subjects on the stretcher may be com-— 


pared with those obtained with twelve patients suffering from high spinal 
lesions. The patients were tested at the Spinal Injuries Unit, Stoke Mande- 
ville, and were aged 18 to 47. In each the spinal injury had resulted i in a 
complete spinal transection, as far as could be determined clinically. In 


eight the transection was in the cervical region, in the others it was in.one. 


of the upper three thoracic segments; all the tests were in the supine 
position. For oscillations in the long axis of the stretcher the threshold 
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was 7:9 + 2-5 cm/sec*; for transverse movements the threshold was 3-5 + 
1-9 cm/sec®. Six normal subjects tested at the same time gave values of 
5:3 + 3-5 cm/sec” for longitudinal movements and 3-8+1-9 cm/sec? for 
transverse movements. These values are higher than the control data of 
Table 2, a difference which cannot with certainty be explained. The normal 
subjects were, however, hospital workers who were tested at one session 
only and had not had previous experience of sensory investigation. The 
values obtained from the spinal patients compare favourably with most of 
the figures reported by others from normal people (Table 1). 


DISCUSSION 


The present work appears to establish the role of the vestibular ap- 
paratus in the perception of linear movement. High values for threshold 
were found when the eighth nerves were damaged, normal or nearly normal 
values under conditions in which the importance of somatic sensibility 
was reduced. Other work already reported (Walsh, 1960) has dealt with 
the sensibility to linear motion after unilateral labyrinthectomy and 
forms additional evidence as to the role of the vestibular apparatus. 

It is to be expected that a structure sensitive to linear acceleration will 
be sensitive also to tilting. A continued discharge during tilt will be 
expected, however, only if the endings show no adaptation and under 
certain circumstances receptors, other than those of the vestibular appara- 
tus, play an important role in the perception of altered position (Garten, 
1920). In the thornback ray (Lowenstein & Roberts, 1949) and in the cat 
(Adrian, 1943) persistent discharges in the vestibular system occur in 
response to tilt. A similar situation probably exists in the human being, 
for in response to tilting there is a persistent although small counter- 
rotation of the eyes (Woellner & Graybiel, 1959). 

Linear motion may at times give rise to the sense of movement; on the 
other hand, motion on a parallel swing may give rise to a false sense of 
tilting (Jongkees & Groen, 1946). This type of confusion seems to be rare 
except with man-made contrivances which subject the person to linear 
acceleration of longer duration than would occur under natural circum- 
stances. Rotation on a roundabout (or human centrifuge) produces a 
centrifugal acceleration that lasts as long as the platform turns. This 
acceleration gives rise, not to the sense of flying away in its direction, but 
to a sense of tilting. Under normal circumstances the body is not subjected 
to long-lasting linear accelerations, and it is possible that the potential 
ambiguity is usually resolved by systems that separate long-lasting from 
short-lasting signals. The general problems of dual sensitivity in sensory 
systems have been lucidly discussed by Cohen (1960). 
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Both Smith (1956) and Engstrém & Wersill (1958) have demonstrated 
the existence of two types of sensory cell in the maculae of the otoliths; 
and on functional grounds a duplicity theory postulating systems with 
different time constants seems almost inescapable. A clearer definition of 
the conditions under which the different mechanisms come into play could 
be of some importance for the physiology of space travel. — 


SUMMARY 


1. Thresholds have been determined for the perception of linear motion. 
2. Ona parallel swing the sensibility was found to be normal in patients 
with high spinal lesions, and in normal people during total immersion 


in water or paste. On the other hand, the thresholds were elevated in. 


children with bilateral lesions of the eighth nerve system. 
3. It is concluded that under the conditions of: the experiments the 
sensitivity depends primarily on the vestibular apparatus. 


The author is indebted to L. E. Heath, Esq., Headmaster of St Giles School, Colinton, and 
to the parents of the children for permission to conduct the tests on pupils at the school; 
and to Dr L. Guttmann and the staff of the Spinal Injuries Unit for facilitating the investiga- 
tion of paraplegic subjects. Technical assistance was given by Mr G. Wright. Polycell 
Products Ltd. kindly made a gift of a substantial quantity of material. The figures were 
prepared in the Department of Medical Illustration. ; 
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THE QUANTAL NATURE OF TRANSMISSION AND SPON- 
TANEOUS MINIATURE POTENTIALS AT THE CRAYFISH 
NEUROMUSCULAR JUNCTION 


By J. DUDEL* anp 8S. W. KUFFLER 


From the Neurophysiology Laboratory, Department of Pharmacology, 
Harvard Medical School, Boston 15, Massachusetts, U.S.A. 


(Received 24 October 1960) 


Of all the synapses that have been studied the physiology of neuro- 
muscular transmission in vertebrates is most advanced, mainly as a result 
of the more recent microphysiological work by del Castillo, Fatt and Katz 
(Katz, 1958). The chemical nature of the transmission process having been 
established earlier, they found that transmission occurs by the simul- 
taneous release of many packets or quanta of acetylcholine (ACh) from 
the motor nerve terminals. These quanta, each of which consists of many 
molecules of transmitter, cause in the post-synaptic membrane the end- 
plate potential. This sets up conducted impulses in twitch muscle fibres. 
Single quanta are also released spontaneously in a random sequence in 
‘resting’ muscle. | | 

In the crayfish and other crustacea the excitation process differs from 
that in vertebrates in many respects. The motor innervation is widely 
distributed over the muscle-fibre surface (van Harreveld, 1939; Wiersma, 
1941). In many muscles the graded junctional potentials only rarely cause 
conducted impulses (Wiersma, 1941; Katz & Kuffler, 1946). Accordingly, 
much of the normal contractile activity in individual muscle fibres is 
graded. Further, the transmitter is different from that in vertebrates and 
most crustacean muscles also have an inhibitory innervation. In the face 
of these differences it was of interest to see if any evidence could be found 
that the mechanism of transmitter release in crayfish was similar, i.e. 
whether it also occurred in quantal steps. 

This is the first of a series of papers in which we report on the quantal 
nature of transmission in the crayfish, how facilitation is linked with this 


quantal release of transmitter and how inhibition interacts with it. | 


A preliminary note on spontaneous miniature potentials has already 
appeared (Dudel & Orkand, 1960). 


* Present address: Physiologisches Institut, Akademiestr. 3, Heidelberg, Germany. 
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METHODS 


Almost all experiments in the current studies were done on the abductor muscle of the 
dactyl (corresponding to the opener of the claw) in the Ist or 2nd walking leg of the crayfish 
Orconectes virilis (Steinhilberi). The muscle is relatively thin, consisting of several layers 
of short fibres which originate on the exoskeleton and are inserted on a central tendon. 
Most of the fibres which were used were 200-300» in diameter and about 2—3 mm long in 
the relatively small animals. The adductor of the dactyl was removed, leaving the flat 
inner surface of the abductor exposed. The intact exoskeleton around the muscle formed 
a natural chamber with a volume of not more than 0-1 ml. The leg was placed in a Lucite 
chamber, with the dactyl and the carpopodite fixed (Fig. 1). The inhibitory and excitatory 
axons to this muscle are contained in separate bundles which were exposed in the meropodite. 
The bundles were kept submerged in the second compartment of the chamber and were 
stimulated with fluid electrodes. These consist of glass tubes with a small opening, large 
enough for a nerve bundle to go through, connected to a syringe by fine tubing. Various 
lengths of nerve can be pulled up into the tube, together with physiological solution. The 
stimulus is then applied between the inside and outside of the glass tube. 


| 


Fig. 1. Scheme of the preparation of the abductor of the dactyl in the crayfish, 
viewed from above. Adductor muscle removed. HE = excitatory axon, J = inhibi- 
tory axon. 


The composition of van Harreveld’s solution (1936) is (mm) NaCl 195, KC! 5-4, CaCl, 13-5 
and MgCl, 2-6. The pH was kept near 7-5 with 10 mm tris maleate buffer. Most experiments 
were done at 21-23° C. The muscle fibres were kept covered by physiological solution and 
the fluid was periodically replaced by adding a few drops of fresh solution. Alternatively a 
constant stream of fluid was kept flowing past the muscle fibres. 

The recording system consisted of conventional DC and AC amplifiers. The micropipettes 
were generally filled with 3m-KCl and had resistances of 7-20 MQ. Their tip diameters were 
ly or smaller. For exploration of the potentials along the fibre surface, larger pipettes 
(1-5 MQ) were sometimes used, filled with saturated NaCl solution and having tips of up 
to several micra diameter. 

Muscle fibres were viewed under dark-field illumination, which enabled one to. see the 
course of nerve branches. The finer ramifications near the junctions were not visible. The 
excitatory and inhibitory axons run together and also branch in unison innervating fibres 
at multiple spots (van Harreveld, 1939; Fatt & Katz, 1953). 


RESULTS 


Spontaneous miniature potentials 


If oneinserts a micro-electrode into the abductor muscle fibres sorption 
along their course, one generally observes, in the absence of nerve stimula- 
tion, small potential changes of variable size, as shown in Fig. 2A. They 
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usually occur at frequencies around 1/sec but in some preparations they 
are seen only once every few seconds. Rarely does the frequency exceed 
5/sec. On analogy with similar potentials in vertebrate muscle (Fatt & 
Katz, 1952) they will be called spontaneous miniature potentials (Dudel & 
Orkand, 1960). In Fig. 2C the time course of one miniature potential is 


Fig. 2. A and C: Spontaneous miniature potentials recorded with an intracellular 
electrode from the abductor of the dactyl. Resting potential 75 mV. B: Excitatory 
junctional potential (e.j.p.), set up by single motor nerve impulse; note similar 
time course to spontaneous potential in C. Voltage calibration the same in A 
and C. Time calibration same in B and C. : | 


displayed on a fast sweep speed for comparison with an excitatory 
junctional potential (e.j.p.) in Fig. 2B, set up by stimulation of the motor 
axon. The only difference is in peak height, the miniature potential being 
about 0-43 mV, whereas the e.j.p. reaches 2-5 mV. 

In vertebrates the miniature potentials are confined to the end-plate 
regions of fibres, but in the abductor of the dactylopodite they are recorded 
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everywhere, as are the e.j.p.s. E.j.p.s can be recorded wherever micro- 
electrodes are inserted into fibres, because nerve—muscle junctions occur 
at multiple sites over the muscle fibre surface (Wiersma, 1941; Fatt & 
Katz, 1953). It will be shown beiow that spontaneous miniature potentials 


originate at the same areas. Further, the spatial decrement of potentials 


along the. muscle fibres is relatively small, so that an impressed potential 
change at one end does not decline by more than 40°% over the entire 
length. Therefore, local junctional potentials are detected by an intra- 
cellular lead everywhere within muscle fibres with PRRTEVELY ante 
attenuation. 

In many fibres spontaneous miniature potentials were not seen and in 
others they barely exceeded the noise level (20-30 nV) of our DC amplifying 
system. It appeared that those were large fibres, in which the input resis- 
tance, measured by a voltage drop accompanying intracellularly applied 
current pulses, was relatively low. The input resistance had to be between 


0-2 and 0-5 MQ for miniature potentials above 100 »V to be recorded. Ac- 


cordingly, the potentials are larger in small-diameter fibres, as is also seen 
in vertebrates (Katz & Thesleff, 1957). This also applies to the e.j.p.s 


set up by motor nerve stimulation. 


The following observations show the analogy between our spontaneous © 
miniature potentials and those obtained in vertebrate junctions. (1) As in 
end-plates, spontaneous potentials appear at irregular intervals in a 
random sequence. Figure 3 gives a distribution of intervals of 240 minia- 
ture potentials. The broken line is drawn according to the equation 


n = exp 


where n = the number of observed potentials at any interval, 
N = number of observations, 
7’ = mean interval, 
At = duration of the grouping in the hietcieas (0-2 sec) and 
t = observed interval between successive potentials (Fatt & Katz, 
1952). 


The fit of the observations with the curve means that there is no obvious 
interaction between single spontaneous potentials. (2) A little understood 
feature of vertebrate miniature potentials is the sensitivity with which 
they increase in frequency with raised osmotic pressure. This also applies 
to the miniature potentials in crayfish. For instance, doubling the osmotic 
pressure by adding sucrose has resulted in as much as a sevenfold increase 
in rate. (3) In vertebrate junctions it was shown that the membrane 
potential of the motor nerve terminals controls the average miniature 
frequency. This observation is important because it is probably related to 
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the conversion of motor nerve impulses to transmitter release. Nerve 
terminals in the crayfish preparation could not be depolarized by applied 
current. We were able, however, to depolarize the endings by excess K+ 
and to get increased rates of miniature release (Liley, 1956c). For instance, 
doubling the K+ concentrations resulted in a muscle depolarization of 
about 7 mV and doubled the spontaneous discharge rate. The size of the 
spontaneous potentials was not appreciably changed nor was the mem- 
brane resistance affected. An even larger depolarization of the muscle 


T=0-78 sec 


Fig. 3. Distribution of intervals between 240 spontaneous miniature potentials. 
Interrupted line is distribution expected for random sequence (see text). 7’ is the 
mean interval between potentials. 


membrane by applied current did not change spontaneous discharge rates, 
and thus the potassium effect could not have resulted solely from the 
change in muscle membrane potential. It is therefore thought that the 
effect was brought about by the depolarization of nerve terminals by 
excess K+, (4) Another point that might relate membrane changes in the 
motor nerve with the discharge rate of the spontaneous miniature 
potentials is the transient change in their frequency following trains of 
excitatory potentials (cf. Dudel & Kuffler, 1961). This again resembles 
the behaviour of vertebrate junctions. 

Fatt & Katz (1952) and del Castillo & Katz (1954) ined that in frogs 
miniature potentials were not set up by spontaneous conducted impulses 
in the motor axon. This possibility was excluded in the crayfish because 
the miniature potentials were not abolished by excess Ca?+ even if in- 
creased tenfold, or by application of B-guanidopropionic acid 10-4 g/ml. 
(Kuffler, 1960). Such treatment abolished nerve conduction and no e.j.p.s 
appeared with nerve stimulation. Further, extracellular recording with 
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micro-electrodes showed that during a single miniature potential only 
one active synaptic area is involved, whereas a nerve impulse activates 
many junctional areas (see below, Fig. 6). 

There remains the unlikely possibility that spontaneous miniature 
potentials arise as a result of spontaneous impulse-like activity in single 
terminals without invasion of the axons. This also was excluded, because 
spontaneous miniature potentials, interspersed between e.j.p.s, did not 
show facilitation (Dudel & Kuffler, 1961). 


Extracellular records from single junctional areas 

The question now is whether the e.j.p.s set up by motor nerve impulses 
are built up of units that resemble the spontaneous miniature potentials. 
To answer this is made difficult because the innervation of the abductor 
fibres is distributed widely in multiple spots over the muscle surface. 
Intracellular leads record all the potential changes, with some attenuation, 
which take place across the surface membrane of the short muscle fibres. 
They sum or integrate the many junctional potentials and correspondingly 
complicate the analysis. Our question would, therefore, be better answered 
by recording exclusively from a single junction formed by the synaptic 
contact of one terminal branch. _ 

Del Castillo & Katz (1956a) have shown that with extracellular micro- 
electrodes one can record from one ‘active’ spot within the vertebrate 
end-plate. They have discussed the recording conditions extensively and 
we have used this method in the crayfish. Briefly, the situation is as 
follows. The released transmitter causes a synaptic current to flow through 
the junctional membrane. The field in the low-resistance external medium 
is very circumscribed and only within a few micra of the small junctional 
membrane area will the synaptic current be dense enough to cause an 
appreciable voltage drop. If placed close to the junctional patch a 
sufficiently small extracellular electrode will record this voltage drop and 
thus one can obtain a relative measure of the synaptic current at an 
individual junctional area. 

The main problem is to find such a circumscribed region. If one places 
a capillary electrode (0-5-2 » opening) on the muscle surface, no e.j.p.s are 
seen as a rule. If, however, one conducts a tedious search along the fibre, 
making on the average 30-50 contacts, one usually finds a spot where 
potentials appear with nerve stimulation. These spots are sharply localized 
and the potentials disappear with a sideways movement of the electrode 
tip of several micra. 

In Fig. 4 the motor nerve was stimulated at 5/sec. The upper line shows 
the e.j.p.s recorded intracellularly. The lower line presents the simul- 
taneous e.j.p.s measured extracellularly at a single junctional area, The 
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e.j.p.s from the fibre interior are relatively large and show fluctuations in 
height that are usual at such low frequencies. The intracellular potentials 
are positive, whereas the surface micro-electrode records negative potentials. 
The most interesting aspect is the relationship of potential fluctuations in 
the two records. Under the extracellular micro-electrode the single synaptic 
area did not give any response with one of the nerve stimuli (arrow). At 
that time, however, the intracellular electrode happened to record the 
largest e.j.p. in the series. With this particular nerve stimulus many of the 
junctions, but not the one under the extracellular lead, must have been 
activated. Also, in the other records there is no obvious correlation 
between the intracellular potential size and the extracellular one. More 
detail of time relations is shown in Fig. 5 where the sweep speed is rapid. 


Fig. 4. Upper line: intracellular recording of e.j.p.s at stimulation rate of 5/sec. 
Resting potential 82 mV. Lower line: simultaneous records from a single junctional 
area with an extracellular microelectrode. Arrow marks failure of transmission in 
single junction; note independence of fluctuations in intra- and extracellular 
records. 0-2 mV refers to amplification in lower beam. Diphasic component of 
intracellular records is due to AC amplifier. 


Five records, taken consecutively during stimulation at a rate of 2/sec, 
are superimposed. The intracellular e.j:p. sizes in the upper record fluctu- 


ated very little, but in comparison the potentials at the single junctional 


area varied over a wide range. Two nerve impulses failed altogether to set 
up an extracellular e.j.p. Preceding the extracellular junctional potentials 
by about 1 msec, there occurred regularly another phasic potential which 
represents the nerve impulse (arrow) arriving in the vicinity of the 
junction. A neuromuscular delay, thus measured, of about 1 msec was 
seen regularly. The intra- and extracellular e.j.p.s had practically the 
same latent period; the duration of the extracellular potentials, however, 
did not last much longer than the rising phase of the intracellular e.j.p.s. 


_ Apparently the ‘active’ phase, during which the transmitter causes 


synaptic current to flow, is largely confined to the rising phase of the e.j.p. 
Following this period, the potential decline of the intracellular e.j.p.s is 
passive, i.e. determined by the muscle time constant. The current that 
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flows passively is distributed over the whole membrane area. The mem- 
brane current density is therefore low and the resulting extracellular 
potential drop is too small to be Eapeauren. | 


Fig. 5. Upper line: intracellular recording of ¢.j.p.s at stimulation rate of 2/sec, 
five sweeps superimposed. Lower line: simultaneous extracellular e.j.p.s from a 
single junctional area recorded with micro-electrode. Arrow marks beginning of 
motor nerve impulse near junctional area. Latent period of intra- and extra- 
cellular ¢.j.p.s is same but time course of extracellular e.j.p.s is shorter and their - 
range of fluctuation is much greater. Two of the five stimuli fail to set up e.j.p.s 
in extracellular record, 


Fig. 6. Motor nerve stimulated at 1/sec. Upper line: intracellular record of two 
e.j.p.s and of four spontaneous miniature potentials (arrows). Lower line: simul- 
taneous extracellular record from a single junctional area. Only one spontaneous 
potential occurs (simultaneous with second arrow). It is of the same amplitude as 
the second ¢.j.p. set up by a nerve impulse. 0-2 mV refers to lower beam ampli- 
fication. 


In addition to e.j.p.s one could record spontaneous potentials if the 
extracellular electrode was placed at an ‘active’ spot. An example is 
given in Fig. 6. ‘The nerve was stimulated at 1/sec and two extra- and 
intracellular e.j.p.s are illustrated. Intracellularly, four spontaneous 
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miniature potentials are also seen (arrows). The second one is associated 
with an extracellular spontaneous potential. When such a potential 
occurred it was always accompanied by an intracellular spontaneous 
miniature potential. Such extracellular potentials were seen only about 
once a minute, as compared with intracellular ones which occurred about 
once a second. They were found exclusively at the active spots where the 
localized extracellular e.j.p.s were recorded. With a small sideways shift 
of the electrode, both potential types disappeared. Spontaneous extra- 
cellular potentials had a size similar to that of the smallest e.j.p.s set up 


Fig. 7. Extracellular records from single junctional area during motor nerve 
stimulation. A. Second potential is e.j.p. set up by nerve impulse; first is a | 
spontaneous miniature potential. B. e.j.p. set up by motor nerve impulse as in A. ‘ 
Note similar size and time course of e.j.p.s and of the spontaneous potential. 


by nerve stimulation and recorded at the same spot. An example is 
contained in Fig. 6 (second e.j.p.).. Not only sizes, but also the time courses 
of the smallest extracellular e.j.p.s and of spontaneous potentials, were 
practically identical. In Fig.7A a spontaneous potential, by chance, 
fell just before an e.j.p. taken at a fast sweep. The two e.j.p.s (Fig. 74 
and B) set up by nerve impulses indicate the range of fluctuation of this 
response. 
| One can conclude that the intra- and extracellular spontaneous poten- 
t tials represent the same phenomenon. Like the e.j.p.s, they arise at 
neuromuscular junctional areas. The fact that many more intracellular 
than extracellular spontaneous potentials are observed means that spon- 
taneous potentials arise at numerous terminal regions. The ratio of about 
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1:60 of the frequency of extracellular to intracellular spontaneous po- 
tentials may be a rough measure of the number of synaptic contact areas 
in a muscle fibre. The striking similarity of the spontaneous extracellular 
potential and the smallest e.j.p. set up by nerve impulses leads one to 
suspect that, as in the frog end-plate, the spontaneous potentials represent 
the same units as those released normally in great numbers upon nerve 
stimulation (see later). 


300 
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' Fig. 8. Histogram of size distribution of extracellularly recorded e.j.p.s from a 
single junctional area. Ordinate scaled to 1000 counts. There are 270 zero potentials, 
i.e. failures of transmission. Broken line is drawn according to Poisson’s theorem 
for a quantum size of H, = 70 .V with a standard deviation 7, = 12 nV. The 
quantum content per stimulus is m = 1-3. Small arrows indicate the multiples 
of the unit size. Big arrow ore the average size of the spontaneous miniature 
potentials. 


Statistical treatment of extracellular ¢.j.p.s from single synaptic areas 
The occurrence of spontaneous miniature potentials and the striking 
fluctuations in the size of the e.j.p.s recorded extracellularly (Figs. 4 and 5) 
suggest an analogy with the situation at the vertebrate neuromuscular 
junction, i.e. that the crustacean e.j.p. is also built up of units representing 
quantal release. of transmitter. In order to test the applicability of this 
idea more closely, a statistical analysis of the type used by del Castillo & 
Katz (1954), Boyd & Martin (1956) and Liley (1956b) was needed. We 
recorded from an extracellular junctional area the responses to 1000 nerve 
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stimuli given at a rate of 5/sec. The graph of Fig. 8 is a histogram of the 
recorded e.j.p. sizes. The distribution does not fall symmetrically around 
a mean but has a complicated form. It contains 270 misses, i.e. occasions 
when an impulse failed to set up any extracellular junctional potentials. 
If the potentials are made up of unit responses one expects that Poisson’s 
theorem should describe the distribution. In the context of the present 
problem this theorem applies if there exists a very large pool of possibly 
reacting units and if the probability that any one particular unit should 
_ be released on a single nerve stimulus is very low. The theorem predicts 
the probability n,/n (mn number of stimuli) that a nerve stimulus will 
cause the release of no unit (x = 0), one unit (x = 1), two units (x = 2) 
or any other multiple. It states that n,/n depends only on the average 
number m of units released by a nerve stimulus. The equation is: 


= (1) 


A first test of our assumption, that the e.j.p.s are composed of quanta, 
will be that a Poisson distribution can be found that fits the observed 
e.j.p. size distribution in Fig. 8. The information gained from spontaneous 
miniature potentials will not be used for the construction of the Poisson 
curve, because the extracellular spontaneous potentials are infrequent. 
‘They will, however, be used afterwards as an independent control. If 
equation (1) is written for consecutive values of x, a simple series of equa- 
tions results which is convenient for the construction of a Poisson curve 
that fits: 


Ny = ne™, (2a) 
= MN, (2b) 
= (}m)n,, (2c) 
My = Ng. (2d) 


It is obvious from this series that if n) is known, m can be calculated from 
equation (2a), and then all the values n,, ... follow. 
Experimentally n, can be found by merely counting the number of 
failures. Thus this value is a convenient starting point for the construction 
of a Poisson curve which fits the histogram of Fig. 8. According to 
equation (2a) for n/n = 270/1000 we calculate an average number of 
units released per stimulus of m = 1-3. And the equations (2) further 
predict the number ,, n., 3, ... of potentials of single and multiple 
quantum size. These numbers now have to be converted into unit potentials. 
The size of the average unit potential HZ, can be obtained from the relation 


on’ (3) 


where His the average size of the extracellular e. j-p. which can be measured. 
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For the experiment of Fig. 8, H, was 67 ».V. The unit quantum is not 
strictly of the same size each time it is recorded. ZH, is an average unit 
potential with a statistical fluctuation around a mean value. For instance, 
the number of single units n, represents the area under a Gaussian curve 
(normal distribution) of a certain variance o, around the unit size ,. 
As a consequence the appropriate Poisson curve for Fig. 8 is obtained by 
finding o,, by trial and error, and adding the Gaussian curves with the 
areas No, Nz,... around the mean values H,, H,, The procedure 
is illustrated in Boyd & Martin (1956). It is seen in Fig. 8 that the general 
form of the Poisson curve agrees with the experimental values. 

A control and confirmation of the validity of calculating unit sizes 
comes from measuring the average size of the spontaneous potentials. 
The spontaneous miniatures should be of unit size, because it is very 
improbable that two or more units should be released spontaneously at 
the same time. During the experiment of Fig. 8, ten extracellular spon- 
taneous miniature potentials were observed. Their average size was 
71 »V with a variance of 10 nV. This agrees very well with the size of the 
unit quantum £, calculated for the Poisson curve in Fig. 8. It can thus 
be concluded that the e.j.p.s are composed of units of the same average 


size as the spontaneous potentials. 


In the above statistical treatments of the extracellular e.j.p.s we calculated the unit size 
from the relative number of failures and the average @.j.p. size. Then we compared this 
value with the average size of the spontaneous potentials. In the statistical papers on the 
vertebrate end-plate the converse procedure was used by del Castillo & Katz (1954), Boyd & 
Martin (1956) and Liley (1956a). They determined first the average spontaneous potential 
size and used it as the unit quantum for the construction of a Poisson curve, which had to 


_ fit the observed distribution of end-plate potential sizes. This approach was not used in this 


study because the extracellular spontaneous potentials are too infrequent in the. crayfish 
junctions for the average size of spontaneous potentials to be accurately determined. 

Equation (2a) provides an easy way of determining quantum size and 
quantum content in different junctional areas. Some examples are given 
in Table 1; the unit size HZ, has been calculated there from the relative 
number of failures ,/n and the average potential H. As expected, in all 
the samples the values for Z, agree with the values found for the average 
spontaneous potential. These examples add further weight to the above © 
conclusion that the e.j.p.s are indeed quantal responses. Further supporting 
examples, as in Table 1, are given in the following papers. 


DISCUSSION 


The following picture of crayfish neuromuscular transmission has emerged 
from the present study. There are discrete junctional areas which occupy 
a small portion of the muscle fibre surface, as seen from the fact that a 
prolonged search is necessary to locate them. In these spots synaptic 
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currents flow after nerve stimulation and it is these currents that have been 
shown to be quantal in nature. We assume that the quanta of current 
represent quanta, or units, of transmitter released from nerve terminals. 
At the same spots there occur spontaneous miniature potentials which are 
of unit quantum size. They are not released by spontaneous impulse 
activity in the axons or in the nerve terminals (see also Dudel & Kuffler, 
1961, p. 536). 

In all aspects covered by this study there was a rather complete analogy 
between mechanisms of transmission in vertebrates (del Castillo & Katz, 
1956b) and in crayfish. A quantitative difference in the transmission 
process is the much lower probability of release of quanta in individual 
junctional areas of the crayfish. Our preparation in a ‘normal’ solution 
works like the nerve-muscle junction of twitch fibres in the frog, where 


TABLE | 
Stimulus 
Expt. no. frequency n m E (nV) Ey,(uV) £,(pV) 
5/sec 121 2-2 155 70 70 
2 5/sec 961 1-32 85 65 69 
3 2/sec 243 0-27 18 66 65 
4 1/sec 115 0-31 15 49. 48 
nm = number of stimuli; m = average quantum content of extracellular e.j.p. determined 
from m = log, n/n,; mn = number of transmission failures; # = average size of extra- 


cellular e.j.p.; HE, = size of quantum determined from E, = E/m; E, = average size of 
extracellular spontaneous potentials. 


the probability of release was depressed by excess Mg** and/or decreased 
Ca?+ (del Castillo & Katz, 1954). Spontaneous potentials of low frequency 
were seen by Burke (1957) in the frog’s slow muscle fibres. 

Another interesting difference is the shorter duration of synaptic current 
flow in the crayfish. The current barely outlasts the e.j.p. rising phase, 
whereas in the frog there is considerable current flow during the first half 
of the falling phase (del Castillo & Katz, 1956 a; Liley 1956a; Takeuchi & 
Takeuchi, 1959). 

A weak point in our line of conclusions about the transmission mechanism 
lies in our having measured quantal synaptic currents only. We interpret 
these quanta of currents as caused by packets of transmitter. We do not 
have direct evidence for this view. There is a possibility that the trans- 
mitter itself is not released in packets but triggers a quantal response in 
the post-synaptic membrane. We consider this possibility to be very un- 
likely, mainly because of the complete analogy that exists with the verte- 
brate junction. There this alternative was excluded because the trans- 
mitter is known. The size of the quanta could be graded by changing the 
amount of transmitter reaching the post-synaptic receptor sites by the 
use of applied ACh, curare, or of inhibitors of cholinesterase. These sub- 
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stances, however, did not affect the number of released units. In our 
preparation these experiments cannot be done because the transmitter is 
not known. 

The extension of the quantal release mechanism of transmission from 
frog and mammalian neuromuscular junctions (del Castillo & Katz, 
19566); Boyd & Martin, 1956; Liley, 1956a) to crayfish makes one suspect 
_ that this system may be a much more general feature of synapses. In 
particular, the quantal mechanism is not confined to the cholinergic 
systems because in crayfish junctions ACh is not a transmitter. In addition, 
the quantal mechanism does not seem to be confined to a specific anatomical 
synaptic structure. The mammalian neuromuscular junction has a com- 
pact terminal configuration, being much more confined than in the frog, 
_ where the nerve splits up into a fine terminal arborization which may 
extend over several hundred micra. (For a survey, see Couteau & Taxi, 
1952.) The innervation in the frog’s slow fibres is also spread over most 
of the surface, as in the crayfish (Kuffler & Vaughan Williams, 1953), and 
spontaneous miniature potentials have been demonstrated there (Burke, 
1957). In the crayfish abductor of the dactyl the widespread innervation 
formed by one motor fibre may be regarded as an extended ‘end-plate’. 
The fine detail of the junctions could not be resolved by the light micro- 
scope. Another different feature of the muscles is the inhibitory innervation 
which, as far as can be seen, runs together with the motor fibre (Bieder- 
mann, 1887; Mangold, 1905 ; Hoffmann, 1914; D’Ancona, 1923; Tiegs, 1924; 
van Harreveld, 1939). se 

The statistical treatment of the excitatory potential, showing its quantal _ 
composition, was found useful in this study for linking the spontaneously 
released miniature potentials to excitatory transmission. This quantal 
analysis of the e.j.p. gains further significance in the following papers; 
it was found that the unit sizes remain constant during drastic changes 
of the e.j.p. brought about by the physiological mechanisms of facilitation 
and inhibition. 

SUMMARY 

1. The abductor of the dactylopodite in the crayfish is supplied by — 
only one motor axon. Over the surface of each muscle fibre there are 
distributed numerous individual junctional areas. Intracellular electrodes 
record practically all excitatory junctional potentials (e.j.p.s) of a muscle 
fibre. Extracellular capillary electrodes record, selectively, the strictly 
localized potentials of individual junctional areas. 

2. The e.j.p.s at individual junctional areas are ‘quantal’. They are 
composed of discrete units released with a certain probability by a motor 
nerve impulse. This conclusion is based mainly on the finding that the 
distribution of sizes of e.j.p.s can be described by Poisson’s theorem. The 
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probability of release of quanta at individual junctional areas is low, and 
frequently a nerve impulse fails to release a single quantum. The e.j.p. of 
the whole muscle fibre is thus the sum of all the quantal contributions 
from distributed single junctional areas. 

3. In addition to e.j.p.s, spontaneous miniature potentials can be 
recorded. They arise at the same individual areas and have the same size 
and time course as the units released by the nerve impulse. Spontaneous 
miniature potentials recorded intracellularly recur in a random sequence 
at rates around 1/sec. Recorded extracellularly at single junctional areas 
they are seen about once a minute. Their frequency but not their size is 
influenced by repetitive motor nerve stimulation, raised osmotic pressure 
and moderate depolarization by excess K+. Spontaneous miniature 
potentials are not due to spontaneous nerve impulses, because they are 
not affected when nerve conduction is blocked by high Ca*+ or by f- 
guanidobutyric acid. 

4, The quantal nature of transmission in the crayfish is similar to that 
at vertebrate neuromuscular junctions. It is concluded that the quantal 
e.j.p.s are set up by the release of packets of transmitter from motor 
nerve endings. 


We wish to thank Mr Richard Orkand who participated in some of the experiments. 
To Dr E. J, Furshpan and Dr David Potter we are indebted for continued helpful discussions 
and to Mr R. B. Bosler for unfailing technical assistance. The study was supported by the 
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MECHANISM OF FACILITATION AT THE CRAYFISH 
NEUROMUSCULAR JUNCTION 
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(Received 24 October 1960) 


The term facilitation frequently covers a variety of processes which 
lead to an increased response, including temporal and spatial summation, 
recruitment, or removal of inhibition. A more restricted definition will be 
used here ; we shall speak of ‘facilitation’ if a nerve impulse in a presynaptic 
fibre sets up an increased post-synaptic potential due to preceding im- 
pulses in the same nerve fibre. The phenomenon has been described in 
many synapses and it is well known in the crustacean neuromuscular 
junction (van Harreveld & Wiersma, 1936; Katz & Kuffler, 1946). 

Three mechanisms have frequently been used in accounting for facilita- 
tion. The first explanation assumes that not all terminal regions in a pre- 
synaptic axon are reached by impulses and that more complete invasion 
of branches is brought about by facilitation. The second possibility is an 
increased output of transmitter by an individual nerve terminal causing 
a bigger synaptic potential. Finally, facilitation could consist of an 
increased response of the post-synaptic membrane to the same amount 
of transmitter. 

A rigorous study of all the above possibilities has been made in the 
vertebrate neuromuscular junction only, and evidence was found for an 
increase in the statistical probability of release of transmitter quanta 
(del Castillo & Katz, 1954a). In this paper we find the same to be true 
in the crayfish. 


The methods used are similar to those described in the preceding enc 
(Dudel & Kufiier, 1961 a). 


RESULTS 


An example of facilitation is given in Fig. 1.4, where the motor nerve 
to the abductor of the dactyl was stimulated by nine impulses at a rate 
of 20/sec. The first excitatory junctional potential (e.j.p.) recorded by 
an intracellular electrode is much smaller than the subsequent ones. At 
a stimulation rate of 40/sec (Fig. 1B) the individual e.j.p.s increase even 
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more and, in addition, there occurs summation because at this frequency 
e.j.p.s add to the falling phase of the preceding potentials. 

Although this study does not deal specifically with inhibition, an example 
of facilitation of inhibitory junctional potentials (i.j.p.s) is shown in 
Fig. 10 and D at frequencies of 23 and 58/sec. The potentials are of 
longer duration and therefore summation is more pronounced in the i.j.p. 
series. In this case the inhibitory equilibrium level was about 3 mV more 
positive than the resting potential, so that inhibitory impulses depolarized 
toward that potential level. One must consider that in Fig. 1D the 
potentials are approaching close to the inhibitory equilibrium level and 
this fact will limit their size (Dudel & Kuffler, 19615). | 


Fig. 1. Facilitation of excitatory (A and B) and inhibitory (C and D) junctional 
potentials. Intracellular recording, resting potential near 80mV. A and C: 
stimulation rates 20 and 23/sec. B and D: stimulation rates 40 and 58/sec. Note 
increased amplification for the inhibitory potentials. ; 


There are numerous other ways of demonstrating facilitation. For 
instance, trains of impulses, as in Fig. 1, can be repeated every few 
seconds and one sees that consecutive trains reach a greater potential 
peak. Or one can give a single conditioning train and test with a single 
e.j.p. afterwards. In such post-tetanic facilitation the test pulse may be 
facilitated for 20 sec or more, depending on the frequency of the preceding 
stimulation (v. infra, Fig. 6). 


Facilitation at a single sunctionat area 


In the previous paper (Dudel & Kuffler, 1961a) it was shown that 
_ neuromuscular transmission in the crayfish occurs in quantal steps. By 
analogy with the frog neuromuscular junction (del Castillo & Katz, 1954a), 
one might expect that facilitation should also involve this quantal 
mechanism, i.e. the e.j.p. increase is due to the release of a greater number 
of transmitter units. The unit size, however, should not change. 


The most favourable conditions for analysing facilitation are attained 
34-2 
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by recording, exclusively, from a single junctional area with an extra- 
cellular micro-electrode (Dudel & Kuffler, 1961a). At the same time one 
can register with an intracellular lead the distributed junctional activity 
which takes place along the whole muscle fibre surface. Figure 2 shows 
an example at two frequencies of excitatory stimulation. The upper lines 
are intracellular records, the lower ones extracellular. At 1/sec each nerve 
impulse sets up a relatively small positive e.j.p. as recorded intracellularly. 


Fig. 2. Facilitation of intra- and extracellular e.j.p.s. In A and B the upper beam 
is an intracellular record, the lower beam is extracellular from a single junctional 
area. A: stimulation frequency 1/sec; arrow marks failure of transmission. B: 
stimulation rate 2/sec; note halving of amplification of intracellular beam. 


‘Positive after-potential’ of the intracellular e.j.p.s is due to AC amplifier. 0-2 mV 
refers to lower beam. 


The single junctional area at the extracellular electrode showed inter- 
mittent activity only, and once there was complete failure of transmission 
(arrow). At the higher frequency of 2/sec, the extracellular lead never 
failed to record activity, although the potential fluctuations were great; 
in comparison, the intracellular e.j.p. was reasonably steady and also 
much larger (note halved amplification). Figure 3 gives more detail on 
a fast sweep at repetition rates of 1 and 5/sec. Extracellularly, at 1/sec 
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there was one failure of transmission, while at 5/sec there was no failure 
and the potentials were larger and more uniform. The extracellular lead 
records the rapid time course of the negative e.j.p.s at one junctional spot, 
caused by the synaptic current entering this restricted area. The intra- 
cellular e.j.p.s are of opposite polarity and longer duration (for details of 
recording conditions, see Dudel & Kuffler, 1961a). The arrows indicate 
the start of the motor nerve impulse. 


i 


-S msec 


Fig. 3. Intra- and extracellular 6.j.p.s, experiment of Fig. 2. A: four sweeps 
superimposed, stimulation rate 1/sec; one failure of transmission in extracellular 
record on lower beam. B: seven sweeps superimposed at stimulation rate of 5/sec ; 
note decrease of fluctuation of intra- and extracellular e.j.p.s. Arrows mark motor 
nerve impulse. | | 


Figures 2 and 3 have shown that at higher frequencies of stimulation 
there are fewer failures for transmitter to be released at individual 
junctions. Records like those of Fig. 3 are reminiscent of events at the 
frog neuromuscular junction in solution of high Mg content. There facilita- 
tion is known to depend on the number but not on the amplitude of released 
quanta (del Castillo & Katz, 1954a). In order to test this question statis- 
tical treatment was undertaken. 
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Statistical treatment 
Figure 4 (upper part) presents a distribution of potential sizes recorded 
with an extracellular electrode at a single junctional area during 100 nerve 


stimuli at 1/sec. There were 67 misses, i.e. occasions when no release 
occurred. If the stimulation frequency was increased to 5/sec the curve 


(Fig. 4, lower part) was extended to the right, i.e. the junctional potential — 


sizes with each stimulus increased and there were only ten misses. 
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Fig. 4. Histograms of distribution of sizes of extracellularly recorded e.j.p.’s from 
a single junctional area. Abscissa: size of e.j.p.s. Ordinate: number of e.j.p.s 
counted, scaled to 100 stimuli. Stimulation frequency 1/sec in upper graph and 
5/sec in lower graph; note decrease of transmission failures with facilitation from 
66 to 10. Interrupted curves were calculated according to Poisson’s theorem 
(see text). Unit size H, = 80 uV and its standard deviation o, = 20 nV in both 
curves. Quantum content per stimulus m rises with facilitation from 0-4 to 2-3. 
Arrows mark multiples of quantum size. 


To find the quantum content of the observed e.j.p.s at 1/sec one has to 
fit a Poisson curve to the histogram of Fig. 4. The Poisson theorem 
(1) 
predicts the relative number n, of potentials x times the unit size, that will 
be counted if m is the average number of units released per stimulus. 
The appropriate Poisson curve was determined for the e.j.p. size dis- 
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tribution at 1/sec by the procedure described in the preceding paper 
(Dudel & Kuffler, 1961a). It was found that the unit quantum size EZ, 
was 80 »V and the average quantum content of the e.j.p.s was very low 
(m = 0-4). Therefore, most of the observed potentials must have been 
unit quanta. Accordingly, if the failures are disregarded, the potentials 
have an almost ‘normal’ distribution around the mean quantum size of 
80 uV with a standard deviation of 20 pV. 

Our expectation was that facilitation of the e.j.p.s should increase the 
number of released quanta without changing their size. Therefore, the 
average quantum size H, of 80 »V and the standard deviation of 20 pV 
derived from the distribution of e.j.p.s at 1/sec were used for the prediction 
of a Poisson curve which should fit the e.j.p. sizedistribution at a stimulation 
rate of 5/sec. This curve was calculated without any further assumptions. 
If H, and o, are known, the only other needed value is m. This was obtained 
by dividing the measured mean e.j.p. size (H) by E,, giving for m a value 
of 2-3. The calculated curve fitted very well the observed potential 
distribution at 5/sec in Fig.4. We can, therefore, conclude that the 
quantum size does not change during facilitation, but only the probability 
for an impulse to release quanta is increased. 

The statistical treatment of the results by fitting Poisson curves is 
somewhat tedious. A simpler relation 
n 
log, (2) 

can be derived from the Poisson theorem (1) for x = 0. is the number of 
stimuli and n, the number of failures; this quotient can easily be found. 
m is again the quantum content, i.e. the average size of the potentials # 
divided by the quantum size Z,. E can be measured, therefore formula (2) 
can be used for calculating the quantum size H,.'This quantum size should . 
be the same as the average size of the spontaneous miniature potentials. 
And if this formula is used with values obtained at the same synaptic 
area, but at different frequencies, facilitation should increase m and £, 
but the unit size H, should remain the same. Table 1 gives the results of 
this treatment for several of our experiments. As expected, the unit size 
E, is quite constant in spite of considerable changes in quantum content. — 

It is obvious from Table 1 that the extent to which the single synaptic 
areas facilitate in the different preparations is quite variable. If this 
facilitation of the single junction (#) is compared to the average facilitation 
of all the junctions in a muscle fibre, as represented by the irfcrease of the 
intracellular e.j.p. (H,), there can be considerable differences. The increase 
of the intracellular e.j.p. with a raised stimulus frequency represents only 
& mean value of the increase in the probability of release of transmitter 
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in the numerous individual terminals. A striking example of the occasional 
difference in behaviour of an individual junction, as contrasted to the 
average seen in the whole muscle fibre, is shown in experiment No. 4. 
There was no facilitation, but on the contrary, there was a decrease in 
the number of units released per stimulus (m and £), i.e. this junction 
showed ‘fatigue’. The sum of the synaptic areas (H,) of this fibre, however, 
showed facilitation, as seen in the increase of the intracellular e.j.p.s with 
increase of frequency. In this experiment the records at the different 


TABLE 1 
Expt. Stimulation 
1 1/sec 70 0-42 33 79 0-11 
2/sec 117 0:88 73 72 83 — 0-26 
5/sec 79 2:3 174 17 0-66 
2 1/sec 65 «044 33 st 76 70 0-08 
2/sec 74 0:94 65 0-16 
5/sec 121 2-2 155 — 70 — 0-40 
3 1/sec 115 0:31 15 — 49 48 0-12 
2/sec 236 0:27 12 — 45 — , 0-18 
5/sec 211 0-43 18 —- 43 — 0-29 
4 1/sec 161 1+] 74 — 67 55 0-04 
2/sec 273 1-0 69 —_— 69 — 0-05 
5/sec 570 0-74 46 45 62 — 0-09 
10/sec 247 0-62 34 pet 55 — O28 
1/sec 166 0-64 33 52 0-02 


nm = number of stimuli; m = average quantum content per stimulus of extracellular 
e.j.p. determined from m = log, n/n; mg = number of transmission failures; H = average 
size of extracellular e.j.p.; ZH, = average size of extracellular e.j.p. preceded by a failure; 
E, = size of quantum determined from Z, = E/m; E, = average size of spontaneous extra- 
cellular miniature potentials; H; = average size of intracellular e.j.p.s. 


frequencies were taken in the same sequence as that presented in the 
table. The response to 1/sec stimulation at the end of the experiment was 
much smaller than at the start, illustrating the ‘fatigue’. 

In Table 1 the size of the extracellular spontaneous miniature potentials 
was used as a control of the calculated unit size. The fact that such good 
agreement exists is evidence that the spontaneous miniature potentials 
are not caused by impulse-like activity in the terminals. The extracellular 
spontaneous potentials in these experiments all fell between e.j.p.s which 
were set up at rates between 1 and 10/sec. If they had been caused by 
impulses spontaneously arising in the terminal of the individual junction 
under the micro-electrode, they would have shown facilitation. Like that 
of the e.j.p.s, their quantum content should have increased whenever 
they occurred at higher frequency of stimulation. Since the average 
amplitude of the spontaneous. miniature potentials remains that of the 
unit quantum, independent of facilitation, their release cannot be caused 
by a potential change similar to that of the nerve impulse. 
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Influence of preceding failure 
Implied in the statistical treatment of the e.j.p.s recorded from a single 
junctional area is the assumption that each stimulus reaches this junctional 
area. The probability for each stimulus to release quanta then is constant 
in the steady state at a certain frequency. The cases in which no quantum _ 
is released, the ‘failures’, are interpreted as caused by a low probability of 


release for each stimulus, their number being predicted by the Poisson 


theorem. Therefore, if a terminal had failed to release a quantum to a 
certain stimulus, this failure should not affect the probability to release 
quanta at the next stimulus. Specifically, the facilitation of an e.j.p. 
should not be affected if it was preceded by a failure. This was tested in 
experiments in which the effect of decreasing the frequency to one half 
was very big. The average size (H,) of the potentials which followed failures 
was determined in three experiments. The results are contained in Table 1. 
It can be seen that #, was almost identical with the average potential E 
of the whole group. It should be noted that, for instance, in experiment 
No. 1 the mean potential size dropped to less than half (from 73 to 33 pV) 
on reducing the stimulation rate from 2/sec to 1/sec. Thus, a great reduc- 
tion of H, would be expected if the stimulus failed to reach the terminal. 
E,, however, remained practically unchanged (see Discussion). 


Facilitation and spontaneous miniature potentials 


Having shown that facilitation consists of an increased probability of 
quantal release after a nerve impulse, one may suspect that this changed 
state of the terminal should also express itself in an increased spontaneous 


release of transmitter quanta (Liley, 1956a). An increased frequency of 


spontaneous miniature potentials has actually been observed under 


_ certain restricted conditions. In Fig. 5 a conditioning train of excitatory 


stimuli at 50/sec for 1 sec was followed by single test stimuli repeated 
every 2 sec. The test responses were still increased in amplitude after 
ll sec. For the same period the average miniature frequency was deter- 
mined, and only during the first 2 sec was the frequency increased. Such 
an increase is always seen, provided the conditioning stimulation is not 
too high in frequency or too long in duration. Forinstance, if a preparation 
is stimulated at 1 or 2/sec for several minutes, the spontaneous miniature 
frequency during this stimulation is always higher than at rest. If, 
however, the conditioning stimulation is increased, e.g. to 20/sec for 40 sec, 
as seen in Fig. 6, only a depression of the discharge frequency can be 
measured for about 4 min. Following the same conditioning stimulation 
the e.j.p. was facilitated. | 

From the results it is clear that there is no simple proportionality between 
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Test e.j.p. (mY) 


30: ea 


Frequency (per sec) 
3 
| 


0 6 
Time after start of conditioning train (sec) 


Fig. 5. Post-excitatory facilitation of .j.p.s and of spontaneous miniature frequency. 
Excitatory stimulation at rate of 50/sec for conditioning train of 1 sec duration 
(arrow). Facilitation is tested after train by single e.j.p.s once a second. Upper 
ordinate: size of test e.j.p.s. Lower ordinate: frequency of spontaneous miniature 


potentials occurring between test ¢.j.p.s. Arrows mark control values after several 
minutes. 
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Fig. 6. Post-excitatory effects on e.j.p. size and on miniature potential frequency. 


Conditioning train of stimuli at 20/sec for 40 sec followed by single test stimuli oe 
every 2sec. Ordinates and abscissa as in Fig. 5. 
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the extent of facilitation of e.j.p.s and the rate of release of spontaneous 
miniatures. There is a positive correlation if the conditioning stimulation 
is at a low frequency. At higher frequencies the spontaneous miniature 
rates are readily depressed by ‘fatigue’. In comparison, the fatigue 
process affects e.j.p.s only at much higher frequencies. For instance, 
e.j.p. sizes may decrease after several seconds of stimulation at 100/sec. 


DISCUSSION 


The main result of this study is the evidence that there occurs during 
facilitation an increase in the amount of transmitter released from the 
terminals. It was shown that during facilitation the size of transmitter 
quanta remained the same, only the probability of release of quanta after 
a stimulus increased. This finding further strengthens the conclusions of 
the preceding paper, that the transmission process results from a quantal 
release of transmitter. Our results show that the site of facilitation is in 
the nerve terminals. 

There are two other mechanisms which are frequently assumed to play 
a role in bringing about facilitation. The first is an increased recruitment 
of previously blocked nerve terminals. In the facilitation which we have 
studied this mechanism played no significant role for the following reasons. 
First, at low frequencies, when the junction shows relatively little facilita- 
tion, one sees no more failures than are predicted by Poisson’s theorem. 
Secondly, an e.j.p. after a failure shows just as much facilitation as when 
no failure had occurred. If the failure had been a conduction block, the 
effective stimulation frequency would have been reduced, resulting in less 
facilitation and smaller e.j.p.s. | 

When searching for junctions, we explored the muscle surface while 
stimulating continuously at 1/sec. Therefore, the active spots we found 
may represent a selected group of terminals which release quanta already 
at a low frequency. If terminals exist which are blocked at such low 
frequencies, but are unblocked at high frequencies, we may not detect 
them. Such an assumption appears unnecessary, because at frequencies 
‘between 1 and 10/sec the range of facilitation at single junctional areas 
was quite adequate to account for the facilitation of the e.j.p. in the whole 
fibre as recorded intracellularly. 

A second mechanism of facilitation which is frequently discussed is an 
increase in post-synaptic sensitivity. This again appears to be excluded by 
the present experiments. A post-synaptic mechanism implies that the 
increased e.j.p.s during facilitation are brought about by a bigger de- 
polarization caused by the same amount of transmitter. However, 
(1) the unit size did not change during facilitation, and (2) the size of the 
spontaneous miniature potentials remained the same (cf. also Hutter, 
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1952, del Castillo & Katz, 1954a). If there was post-synaptic facilitation 
both these values should increase. 

How the increase in the probability of release in the terminals is brought 
about is unknown (cf. Curtis & Eccles, 1960, for a recent discussion). 
There is good evidence that the release itself is in some way dependent on 
the membrane potential change (del Castillo & Katz, 19546; Liley, 19565; 
Hagiwara & Tasaki, 1958). Therefore, one may speculate that the increased 
probability of release is due to some residual long-lasting after-potential 
which then affects the size of the subsequent impulse and thereby makes 
it more effective (Larrabee & Bronk, 1947; Lloyd, 1949; del Castillo & 
Katz, 1954b; Koketsu, 1956; Eccles & Krnjevié, 1959; Wall & Johnson, 
1958). We do not know in any detail, however, what the normal impulse 
activity of terminals is. It is, for instance, quite speculative whether the 
conducted impulse which is recorded in the axon actually propagates to 
the site of transmitter release. It may be that only the electrotonic spread 
of the action potential in the axon reaches release sites. It may then be 
the conditions of passive current spread which are improved during 
consecutive stimulation. However, there are other possibilities and one 
actually need not postulate a mechanism which is reflected in the membrane 
potential. The chemical link between potential and the transmitter packets 
is just as likely to be involved (cf. Dudel & Kuffler, 1961). 

Our results on the progressive decrease of quantal release from junctions 
indicate that some of the ‘fatigue’ of neuromuscular transmission can be 
accounted for by decreased transmitter output by the terminals. Of course, 
at high frequencies of stimulation progressive conduction block in the 
nerve has been observed in some of our preparations. This is a different 
type of ‘fatigue’ and is similar to that studied in the rat neuromuscular 
junction by Krnjevi¢ & Miledi (1958). 

Again, with the facilitation mechanism, as with the quantal mechanism 
of activation in general, the close analogy with vertebrate junctions should 
be pointed out (del Castillo & Katz, 19544; Liley, 1956a; Boyd & Martin, 
1956). This makes it likely that we are dealing with a rather general 
property of synaptic transmitter release mechanism, 


SUMMARY 


1. In the abductor of the dactyl in the crayfish the excitatory junctional 
potentials (e.j.p.s) increase in amplitude with an increased frequency of 
motor nerve stimulation. This process of facilitation has been analysed by 
recording with extracellular micro-electrodes from only one of the finely 
localized individual junctional areas which are widely distributed along 
the muscle surface. Simultaneously, an intracellular electrode registered the 
integrated junctional activity which takes place in the entire muscle fibre. 
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2. During low-frequency stimulation when the intracellularly recorded 
e.j.p.s are small, motor nerve impulses release excitatory transmitter only 
intermittently at individual junctional areas. Statistical treatment has 
shown that the transmitter is released in quanta and that during facilitation 
the number of released quanta increases, while the quantum size remains 
unchanged. Thus, facilitation can be described formally as an increase in 
the probability of release of quanta by a nerve impulse. 

3. Facilitation is not brought about by invasion of nerve terminals 
which previously have not been reached by the nerve impulses. Nor does 
an increased sensitivity of the post-synaptic membrane to the transmitter 
contribute appreciably to facilitation. 

4. Some observations indicate that ‘fatigue’ at junctions is due to 
progressively diminished probability of release of transmitter quanta. 

5. Following a train of conditioning stimulation single e.j.p.s may be 
facilitated for a minute or longer. After such a conditioning train, there 
usually occurs a brief (several seconds) increased frequency of spontaneous 
miniature potentials, followed by a long period (up to 4 min) of decreased 
spontaneous discharge rate. | 

6. The mechanism of neuromuscular facilitation in the crayfish resembles 


_ closely that observed in vertebrate junctions. 
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There are three possible ways in which synaptic inhibition may reduce 
excitation. (1) Inhibition may reduce the amount of excitatory trans- 
mitter that is released from nerve terminals when they are activated by a 
nerve impulse; this is presynaptic inhibition. (2) The reaction of the post- 
synaptic receptors to a constant amount of released transmitter may be 
reduced, for instance by competition. (3) The post-synaptic membrane 
may be altered in such a way that the depolarizing action of the excitatory 
transmitter is opposed. ; 

There exists good evidence for the last alternative only, namely, that 
the membrane conductance of the post-synaptic region is increased, with 
the membrane potential staying near the resting potential. This inhibitory 
mechanism of a specific post-synaptic permeability increase (to K+ and/or 


_ Cl-) seems to be widespread in different species and has been demonstrated 


in the vertebrate heart, the mammalian central nervous system, in crusta- 
cea at neuromuscular junctions and nerve cell synapses, as well as in 
various other preparations (Fatt & Katz, 1953; Coombs, Eccles & Fatt, 
1955; Kuffler & Eyzaguirre, 1955; Trautwein & Dudel, 1958; for a recent 
review see Kuffler, 1960). 

In this study on the crayfish neuromuscular junction we present eévi- 
dence for a presynaptic mechanism. The inhibitory nerve impulse acts on 
the excitatory nerve terminals and decreases the probability of release of 
quanta of excitatory transmitter. A oe report has appeared 
(Dudel & Kuffler, 1960). 


METHODS 
As previously described, the abductor muscle of the dactylopodite in the crayfish was 


used (Dudel & Kuffler, 1961a). For altering the muscle membrane potential the current- 


passing electrode was filled with saturated potassium citrate solution (Boistel & Fatt, 1958). 
These electrodes were preferable because they carried more readily maintained currents of 
up to 10-*A. 


* Present address: Physiologisches Institut, Akademiestr. 3, Heidelberg, Germany. 
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RESULTS 
Conductance increase during inhibition 


Some features of the conductance-increase mechanism, first demon- 
strated by Fatt & Katz (1953), are presented here largely to make clear the 


distinction from presynaptic inhibition. Inhibitory stimulation reduces 
the potential change that is produced when a current is applied across the 
junctional membrane, i.e. the resistance of the membrane has decreased 


Fig. 1. Conductance increase during depolarizing inhibitory junctional potential 
_ in abductor of the dactyl. One recording and one current-passing electrode inserted 
into a muscle fibre. Current pulses of 1-5 x 10-°A monitored in upper sweep were 
passed across the membrane at rest (lower sweep) and during inhibitory potential. 


Stimulation frequency of inhibitory nerve was 150/sec. Note reduction of the 
electrotonic potential from 7 to 2 mV by inhibition. 


during inhibition. This is seen in Fig. 1, where two sweeps are super- 
imposed. The lower record gives the electrotonic potential in the resting 
state of the membrane caused by the current pulse (upper trace). In the 
middle trace the inhibitory axon was stimulated by a short train of 
inhibitory impulses at 150/sec and a small depolarization of the fibre re- 
sulted. The same current pulse, if applied during the plateau of inhibitory 
_ junctional potentials (i.j.p.s), set up a much reduced electrotonic potential 

with a more rapid time course. The calculated membrane conductance 
during inhibition, as measured by this method, was frequently increased 
ten times above the resting value. 

The most characteristic feature of the conductance type mechanism is 
the reversal of the i.j.p. near the resting potential. The method of deter- 
mining the reversal potential was used routinely in the present studies. 
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An example is shown in Fig. 2. The membrane was depolarized by passing 
current through a second intracellular micro-electrode. Starting with a 
resting potential of 80 mV the i.j.p.s became negligibly small at 72 mV 
and reversed their direction with additional depolarization. Arrows mark 
the reversal potential. 

The reversal potential obtained in Fig. 2 may not indicate sciolie the 
true inhibitory equilibrium potential, being slightly too positive, because 
the current electrode does not depolarize the whole fibre uniformly (see 
Burke & Ginsborg, 1956, for discussion of an analogous problem). Here, 
however, this introduces only a small error. The reversal or equilibrium 


Fig. 2. Trains of inhibitory junctional potentials (150/sec for 0-2 sec) repeated 
every 2 sec, Resting potential at start 80 mV shifted to 61 mV by passing current 
through a second intracellular micro-electrode. Arrows mark the reversal potential 
of inhibitory potentials at 72 mV. 


potential for i.j.p.s was also determined by depolarizing the fibre uni- 
formly by excess K+, instead of by current, and no significant difference 
from the result of Fig. 2 (arrows) was noted. 


An additional mechanism for inhibition 
In their original work Fatt & Katz (1953) thought that the reduction of 


excitatory junctional potentials (e.j.p.s) was too great to be brought about 


by a conductance increase alone, and they suspected an additional mecha- 
nism (cf. Kuffler & Katz, 1946). Experimental conditions have now been 
found in which the post-synaptic conductance increase mechanism cannot 
account for any of the observed reduction of the e.j.p. In Fig. 3 single 
excitatory stimuli set up excitatory junctional potentials of 2 mV (Fig.3 A) 


Single inhibitory stimuli caused a small depolarization of about 0-2 mV 


(Fig. 3C). The inhibitory equilibrium level, however, as found by the 
method shown in Fig. 2, and further determined by K depolarization 
(above), was at the dotted line 6mV more positive than the resting 
potential. In this situation in which the excitatory junctional potential 


does not reach the inhibitory reversal level, the inhibitory conductance 
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‘mechanism cannot reduce the e.j.p. If the ij.p. is timed to fall on the 
peak of the e.j.p., it should still depolarize, since the i.j.p. is still ‘below’ 
(more negative than) its reversal potential. In fact, it should add to the 
e.j.p. This seemed to be the case in Fig. 3.B, where the combined potential, 
if changed at all, was somewhat bigger. To our surprise, however, if the 
i.j.p. was timed to precede the e.j.p. by 3 msec, the e.j.p. was greatly 
reduced (Fig. 3D). This cannot be explained by a mechanism of inhibitory 
conductance increase, which can shift the membrane potential only toward 
the inhibitory reversal level. Therefore, an additional mechanism had to 
be postulated. Still further evidence for an additional mechanism will be 
presented below with the results on extracellular recording (Figs. 6-8). 


Fig. 3. Intracellular records from abductor muscle fibre. Resting potential 86 mV, 
inhibitory reversal level (rev. pot.) 6 mV more positive (interrupted line), K+ in 
solution reduced to 2:7 mm. A: single excitatory junctional potential (e.j.p.) of 
2mV. C: single inhibitory junctional potential (i.j.p.) depolarizing 0-2 mV. 
B: inhibitory axon stimulated 1-5 msec after excitatory axon; i.j.p. coincides with 
peak of e.j.p. D: inhibitory axon stimulated 3 msec before excitatory axon; i.j.p. 
seen before e.j.p. which is greatly reduced. 7 , 


A close exainination of Fig. 3D reveals that the rising phase of the small 
i.j.p. was over when the e.j.p. started. The maximum of the inhibitory 
conductance increase occurs during the rise of the i.j.p., and the residual 


conductance increase during the falling phase of the i.j.p. must have been | 


relatively small at a time when the reduction of the subsequent e.j.p. was 
seen to be maximal. 3 


To obtain the above type of reduction of e.j.p.s the timing of inhibitory 


stimuli in relation to the excitatory ones was quite critical. If the inhibi- 
tory stimulus preceded the excitatory one by 1-3 msec the effect was 
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maximal and then declined over a further 3-5 msec. The importance of 


timing of the excitatory-inhibitory stimuli for reducing excitatory poten- 
tials, as is shown in Fig. 4, has been known for a long time and similar 
curves were obtained by Marmont & Wiersma (1938), Kuffler & Katz 


(1946) and Fatt & Katz (1953). The significance of the timing effect for 


our experiments is that it revealed a type of inhibition that could not be 
accounted for by the conductance-increase mechanism. 


mV 
3-0 + - - - -- 
4 al 
a. & ; ® ® 
® ® Control 
© 
20; - - - 
= © 
i.j.p. follows e.j.p. i.j.p. precedes e.j.p. 
—10 ~§ 5 10 


Interval between excitatory and inhibitory stimuli (msec) — 


Fig. 4. Experiment as in Fig. 3. The inhibitory equilibrium potential was 6 mV 
more positive than resting potential. Control om size of e.j.p. without any 
inhibitory stimulation. 


Another way of showing the influence of timing of impulses is illustrated 
in Fig. 5. Inhibitory and excitatory nerves were stimulated at rates of 
100/sec for 120 msec. In Fig. 5B each inhibitory nerve stimulus was 
delivered 2-5 msec before the excitatory one, while in Fig. 5.A it was given 
8-0 msec before each excitatory stimulus. The e.j.p.s were much more 
reduced in Fig. 5B, where the timing was maximally effective. 


Effect of inhibition on extracellularly recorded e.j.p.8 
The existence of a second type of inhibition in addition to the post- 
synaptic conductance-increase mechanism can also be shown by recording 


extracellularly from individual junctional areas with micro-electrodes. 


This recording method has the advantage that the quantum content of the 


_ synaptic potentials can be determined statistically (Dudel & Kuffler, 
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1961a, 6), and more specific results on the nature of the second type of | 


inhibition can be obtained. 

In the lower sweep of Fig. 6A are shown extracellular records from a 
single junctional area. The e.j.p.s are negative, in contrast to the intra- 
cellular junctional potentials which are recorded simultaneously (upper 
sweep). The latter are made up of activity in the entire muscle fibre. If 
properly timed inhibitory impulses were added in Fig. 6B, the intracellular 
e.j.p. heights were reduced, as one would expect. The significant change in 


Fig. 5. Minimally and maximally effective timing for inhibition. Intracellular 
recording, resting potential near 75 mV. A: upper sweep, excitatory stimuli at 
100/sec for 120 msec; lower sweep, inhibitory stimuli precede excitatory stimuli by 
8 msec. B: same excitatory and inhibitory trains as in A, but in lower sweep the 


inhibitory stimulus precedes each excitatory one by 2-5 msec, nse in maximally 
effective reduction of the e.}.p.s. 


the extracellular records from the single junction was the increased number 
of failures (arrows), i.e. the excitatory impulse failed to release packets of 
transmitter. At the same time, the mean amplitude of the ‘hits’ was 
reduced in size (see below, Table 1). 

In Fig. 7 more detail is included in a fast sweep. Three consecutive 
sweeps were superimposed, repeated at a rate of 5/sec. Fig. 7A shows 
excitation alone, with the stimulus artifacts in the lower record followed 
by the motor nerve impulse (arrow) arriving near the junction. Then two 
negative extracellular e.j.p.s appeared on the lower sweep, which lasted a 
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f little longer than the rising phase of the intracellular e.j.p.s in the upper 

: sweep. There was, in this sequence of three stimuli, one failure of trans- 
7 mis:ion at the single junctional area. The intracellular e.j.p.s did not 
. | fluctuate greatly. In Fig. 7B an inhibitory stimulus (first artifact) 


{ Fig. 6. Intracellular records (upper sweeps) from a muscle fibre and simultaneous 
extracellular measurements from single junctional area (lower sweep) at stimula- 
tion rate of 1/sec. A: excitatory stimulation alone. B: an inhibitory stimulus is 
added, preceding the excitatory one by 2 msec; e.j.p.s are reduced and number of 
transmission failures in single junctional area (arrows) increased. The diphasic - 
portion in the intracellular records is due to AC amplifier. 


Fig. 7. Simultaneous intra- and extracellular records, as in Fig. 6, three consevu- | 
| . tive junctional potentials superimposed at rate of 1/sec. A: e.j.p.s alone; failure 


ms of transmission occurs once in extracellular records; arrow marks extracellularly 
recorded motor nerve impulse near the junction. B: inhibitory stimulus preceding 
excitatory one by 2 msec, reducing the intracellular e.j.p.’s and resulting in two 


failures of transmission at the single junctional area; arrows mark nerve impulses. 
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preceded the excitatory one by 2 msec. On the lower beam we now see two 
extracellular nerve impulses (arrows), the first being inhibitory. They are 
1-5 msec apart, a little less than the stimulus interval, presumably owing 
to different conduction distances and speeds of propagation. Again, all the 
intracellular e.j.p.s were reduced and in the lower beam the number of 
transmission failures was increased from 1 to 2. Only one e.j.p. of about 
50 »V remains (see below). 

Figures 6 and 7 show that inhibition can considerably reduce the 
average extracellular response. This reduction of the extracellular e.j.p. 
cannot be brought about by an increased membrance conductance. This 


R, Ra 


1 2 

Fig. 8. ‘Equivalent circuit’ diagram showing external and internal recording con- 
ditions. Long dotted line indicates surface of fibre (see text). 


point can be readily appreciated if the extracellular recording conditions 
are analysed. 

Figure 8 gives an ‘equivalent circuit’, modified from that given by 
del Castillo & Katz (1956, Fig. 176) foe recording extracellularly from 
vertebrate end-plates. A is the active excitatory junctional area, R, is the 
membrane resistance of this area and Z, is the driving force for the e.j.p.: 
R, is the resistance of the small extracellular fluid volume outside the 
junction, where the synaptic current density is very high. B represents 
the distant indifferent electrode. R, is the ‘input resistance’ (i.e. between 
a point inside the fibre (C) and the extracellular fluid (B)). The intracellular 
electrode records between C and B, the extracellular electrode between 
B and a part of R,. There are two alternative locations for an inhibitory 
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mémbrane conductance increase to act on this circuit. First, the inhibi- 
tory synaptic membrane could be so close to the excitatory one that R, 
and R, are in parallel and the inhibitory and excitatory synaptic currents 
flow through the same restricted extracellular fluid volume with a resist- 
ance &,. The second alternative is for the inhibitory synaptic area to be 
some distance away from A, so that it is in parallel with R,. It can be 
shown that in both cases the reduction of R, (inhibitory conductance 
increase) does not diminish the extracellularly recorded e.j.p. If in alterna- 
tive (1) an appreciable current were produced, extracellular potentials 
should be recorded on inhibitory stimulation. We have not seen such 
potentials. In alternative (2) the inhibitory resistance decrease works 
essentially as a shunt to R,. R, is small compared with R, + R,, as is seen 
from the fact that the intracellular junctional potential is much smaller 


than its driving force H,, as pointed out by del Castillo & Katz (1956). 


Thus shunting R, cannot diminish current flow through R, ; it could only 
slightly increase it, producing a larger extracellular e.j.p. 

Therefore, the reduction of the extracellularly recorded e.j.p.s during 
optimally timed inhibition provides another demonstration of an inhibi- 
tory mechanism which cannot be accounted for by an increase in mem- 
brane conductance. By themselves the above results do not allow us to 
distinguish the site of action of this other inhibitory mechanism. The site 
may be presynaptic, with less transmitter released per impulse, or it may 
be post-synaptic, for instance, with competition taking place between 
excitatory and inhibitory transmitters. By the use of a statistical analysis, 
however, it was possible to show that less transmitter was released during 
inhibition and that the site of action must therefore be presynaptic. That 
is, presynaptic inhibition should reduce the number rather than the size of 
excitatory transmitter quanta. Competitive inhibition would have the 


- converse effect. Information about quantum size and number can be 


obtained by statistical treatment of our extracellular records from single 
synaptic areas. 
Statistical treatment 

Figure 9 gives the size distribution of extracellular e.j.p.s from a single 
junctional area with and without inhibition. Each graph contains 1000 
counts. At a frequency of 5/sec there are relatively few transmission failures 
in the uninhibited junction. With inhibition the failures increase from 72 
to 570 and there are fewer large e.j.p.s. For instance, in the uninhibited 
junction there are 32 e.j.p.s of 150 »V, while inhibition reduces them to 2. 
The whole distribution is shifted to the left. 

The inhibited e.j.p.s were sharply grouped around a peak of about 
40 nV. They must have a very low quantum content, because more than 
half the responses were failures. A fitting Poisson curve could, therefore, 
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be determined readily for these potentials by the method previously used 
(Dudel & Kuffler, 1961a). The theoretical curve (interrupted line) fits the 
histogram well. The unit size derived from this Poisson distribution was 


E, = 40 »V and the number of quanta released by one stimulus was 
m = 0:56. 


100 


wu 


= 
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Counts (per thousand) 


100. m = 0-56 


Size of e.j.p. 

Fig. 9. Histograms giving size distribution of extracellularly recorded e.j.p.s from 
@ single junctional area at stimulation rate of 5/sec. Upper graph, junction not 
inhibited. Lower graph, inhibitory impulses precede excitatory ones by 2 msec; 
note increased number of failures from 72 to 570. Interrupted line is calculated 
theoretical (Poisson) distribution for unit quantum size H, (40 nV) with standard 
deviation o, (10 nV), and an average quantum content per stimulus m. Small 
arrows indicate multiples of quantum size, heavy arrow gives average size of 
spontaneous miniature potentials. 


The question now was whether the uninhibited e.j.p.s had the same 
quantum size as the inhibited ones. This could be tested by calculating a 
Poisson curve for the uninhibited e.j.p.’s, using only the 40 »V unit 
size obtained above, and the average size of the uninhibited e.j.p.s (see 
Dudel & Kuffler, 19616). The calculated curve was a reasonably good fit. 
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Thus it was shown that inhibition of the e.j.p.s could be described as a 
reduction of the average quantum content from 2-4 to 0-6 while the size of 
the unit remained unchanged. | 

An independent control of the size of the quantum £, is derived from 
the average size of the spontaneous miniature potentials. Fourteen spon- 
taneous potentials were observed during the experiment of Fig. 9, with an 
average size of H, = 41 »V and a standard deviation of o, = 11 pV. E, 
thus agrees well with the quantum size £,. 

The possibility could be considered that the inhibitory effect on the release of excitatory 
transmitter fluctuates over a wide range, possibly in a quantal way. This would result in a 
large fluctuation of the probability for the release of quanta of excitatory transmitter. 
However, the Poisson theorem assumes that the probability of release of quanta is the same 
for each stimulus. A wide fluctuation of this probability would distort the Poisson distribu- 
tion considerably. Since we were able to fit the inhibited e.j.p.s by a Poisson distribution, 
the inhibition of the excitatory transmitter release should be relatively constant with each 
inhibitory stimulus, If the inhibitory transmitter is released in quanta, the quantum content 
of the inhibitory potentials would have to be relatively high even at low frequencies. Such 
an assumption would be in line with the observation that at low stimulation frequencies 
(around 1/sec) the amplitude of the intracellular i.j.p.s fluctuated less than that of the 
intracellular e.j.p.s. 5 

A simpler statistical treatment consists in using a relation derived from 
Poisson’s theorem. It relates the number of trials (n) and failures (n,) of 
transmission /n) to mean quantum content m. m is given by the average 
size £ of e.j.p.s divided by the unit size H,, as treated in the previous 
papers (Dudel & Kuffler, 1961a, b). 7 


log, — = — = M. (1) 


All values except H, can be determined directly and so EF, can be calculated. 

Table 1 gives a comparison of e.j.p.s with and without inhibition in six 
experiments. The calculated values for Z, (unit size) agree well for inhibited 
and uninhibited junctions: In the same experiments the average size of 


‘spontaneous potentials (Z,) was measured and, as expected, was found to 


be in close agreement with H, (Dudel & Kuffler, 1961a). The last column 
(Z;) gives the intracellular e.j.p.s, i.e. the integrated activity from the 
whole fibre. A comparison of the intracellular e.j.p. reduction during inhibi- 
tion with the reduction of extracellular e.j.p.s gives an interesting picture 
of the variability of activity in individual junctions. The differences in 
reduction can be quite striking. In experiment No. 3 the average extra- 
cellular e.j.p. size is radically reduced to less than 1/20 by inhibition, while | 
the intracellular e.j.p. is only halved. This must mean that the effective- 
ness of inhibition at individual junctional areas varies greatly. 

In the preceding study (Dudel & Kuffler, 19615) it was shown that 
failure by a nerve impulse to set up an e.j.p. at a single junctional area did 
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not alter the average size of the next e.j.p. and did not affect its facilitation. 


This was in agreement with the basic assumption made for the Poisson 


treatment, that each stimulus has the same probability of releasing quanta, 
i.e. each stimulus reaches the junction. The rather noncommittal term 
‘stimulus’ is used here because we do not know whether the impulse seen 
in the axon actually travels right to the terminals. It was found that also 
in groups of extracellular e.j.p.s which were inhibited by optimally timed 
inhibition, failures of transmission did not affect the size of succeeding 


TABLE | 
Expt. Stimulation 
no. frequency n m E(uV) (nV) E,(vV) (mV) 

1 5/sec 961 1-3 85 65 71 1-47 
5/sec + inhib. 1375 0-72 50 69 = 1:17 

2 5/sec 728 2-8 94 34 41 1-2 
5/sec + inhib. 699 0-57 24 42 — 0-45 

3 B/sec 228 1-3 35 30 30 1-7 

5/sec + inhib. 308 0-03 1-2 0-8 
4 2/sec 200 0-60 30 49 51 0-12 
2/sec + inhib. 136 0-28 14 48 — 0-08 
5 5/sec © 264 0-79 34 43 —- 0-25 
§/sec + inhib. 167. O31 13 42 0-11 
6 5/sec 570 0-74 46 62 55 0-09 
5/sec + inhib. 409 0-50 31 62 —_ 0-07 


n = number of stimuli; m = average quantum content of extracellular e.j.p. determined 
from m = log, n/n); %) = number of transmission failures; H = average size of extracellular 
e.j.p.; H, = size of quantum determined from HZ, = Z/m; E, = average size of spontaneous 
extracellular potential; Z; = average size of intracellular e.j.p. 


e.j.p.s. The average size of the e.j.p.s preceded by a failure was the same as 
the average size of the whole group. This finding further justifies the treat- 
ment of inhibited e.j.p.s by the Poisson analysis (see Discussion). 

The statistical treatment has shown that inhibition can be described as a 
reduction of the number of released quanta, while the quanta themselves 
are not changed. Thus, optimally timed inhibitory stimuli act presyn- 
aptically on the excitatory system. 


The effect of inhibition on spontaneous miniature potentials 

Having shown that appropriately timed inhibitory impulses act pre- 
synaptically, their effects on the post-tetanic increase of the frequency of 
spontaneous miniature potentials (Dudel & Kuffler, 19615) are of interest. 
The experiment was done in the following way: Trains of excitatory 
stimuli, for instance, at 75/sec for 200 msec each, were repeated every 
2 sec. The miniature frequency was measured in the intervals between the 
trains and was found increased above the rate seen in the non-stimulated 
muscle. The excitatory trains were then repeated with optimally (as 


a | 
2 
‘ 
é 


PRESYNAPTIC INHIBITION «655 


Fig. 5B) and minimally (Fig. 5A) effective inhibitory timing. A count of 
spontaneous miniature potentials between the trains showed that they 
were reduced when the excitatory-inhibitory timing was set for maximal 
reduction of the e.j.p.s. A tabulation of the results from two experiments is 
shown in Table 2. The decrease of miniature frequency was significant at 
the 99-9% level. Since miniature potentials are released presynaptically, 
anything that changes the frequency of release presumably acts pre- 
synaptically. This effect therefore shows once more that inhibition has a 


presynaptic effect. 
TABLE 2 | 
Expt. Conditioning Inhibition Measurements Miniature 
no. train — timing n frequency 8.E. 
1 50/sec min. | 106 1-44/sec 0-06 
50/sec optimal — 159 1-13/sec 0-06 
2 75/sec min. 148 2-61/sec 0-09 
75/sec optimal 94 1-98/sec 0:10 


One more observation, in which inhibition is likely to affect the pre- 


synaptic terminals, concerns post-tetanic facilitation. A train of condi- — 


tioning excitatory stimuli, for instance, at 50/sec for 1 sec, was followed 
by a facilitation of single test stimuli for 10 sec or longer. If in the con- 
ditioning train inhibitory stimuli were set to precede each excitatory one by 
2 msec (as in Fig. 5B), the subsequent post-tetanic facilitation was signifi- 
cantly reduced. If, however, the same inhibitory impulses were timed to 
arrive at the junction after the excitatory some, there was no noticeable 
effect on post-tetanic facilitation. 


Relationship of inhibition to facilitation 
In a formal sense the reduction of the probability of release by inhibition 


_ is the opposite of facilitation. Thus presynaptic inhibition could be inter-— 


preted as a removal or prevention of facilitation. If this were true, pre- 
synaptic inhibition would reduce e.j.p.s to their non-facilitated size. As a 
consequence, greatly facilitated, large e.j.p.s would be reduced by a greater 


factor than the smaller, less facilitated ones. This, however, is not so, — 


because it was found that if e.j.p.s were set up at 10 or 20/sec they were 
reduced by optimally timed presynaptic inhibition by the same proportion 
as the much less facilitated e.j.p.s at 1/sec. An illustration is given in 
Table 3. The percentage of e.j.p. reduction seen in the last column clearly 
does not depend on the frequency of excitatory stimulation. This reduction 
by the same proportion, independent of e.j.p. size, seems remarkable (see 
Discussion). To obtain it, however, one has to take the precaution in these 
experiments of keeping the inhibitory facilitation constant. For instance, 
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the inhibitory frequency was left unchanged at 10/sec in the above tests. 
The change in excitatory stimulation rate from 10/sec to 1/sec was simply 
made by cutting out nine of the ten stimuli by an electronic gate (decade 
counter). Only the inhibitory i.j.p. which precedes the e.j.p. by 2 msec 
will have a presynaptic inhibitory action. The others precede the e.j.p. by 
more than 100 msec and have no inhibitory effect (cf. Fig. 4); they only 
serve to keep facilitation of the i.j.p.s constant. 

The above experiments had a very different outcome if both excitatory 
and inhibitory frequencies were reduced together. Then there was much less 
reduction of the e.j.p. at a lower frequency. An example is given in experi- 
ment No. 3, Table 3. With inhibitory stimulation at 2/sec there was 


TABLE 3 
Expt. @.j._p. size i.j.p. e.j.p.+i.j.p. Reduction 
no. frequency (mV) frequency size(mV) ofe.j.p. (%) 
1 20/sec 16-0 20/sec 7:0 56 
2/sec 1-6 20/sec 0-7 56 
10/sec 4:5 10/sec 2-4 47 
1/sec 0-7 10/sec 0-37 47 
2 5/sec 8-5 5/sec 5:8 32 
0-5/sec 3-6 5/sec 2-8 22 
10/sec 11-0 10/sec 7:0 36 
1/sec 4-4 10/sec 2-8 36 
2 2/sec 2-0 2/sec. 1-9 5 
20/sec 15-2 20/sec 10-2 33° 
2/sec 2-4 20/sec 1-6 33 


practically no reduction of e.j.p.s (5%). This experiment demonstrates that 
presynaptic inhibition also is facilitated like the post-synaptic inhibitory 
potential (Fig.1B, Dudel & Kuffler, 19616). 


The effect of gamma-aminobutyric acid (GABA) and presynaptic inhibition 

In search of a mechanism for presynaptic inhibition one has to examine 
whether the inhibitory nerve acts on the excitatory terminals electrically, 
_ i.e. by current spread, or chemically, by the action of a transmitter. Our 
only available evidence indicates that there are chemoreceptor sites on the 
excitatory fibre endings. We were able to mimic presynaptic inhibition by 
GABA. 

It is known that GABA increases the post-synaptic membrane conduct- 
ance in a manner similar to inhibitory nerve stimulation. Accordingly it 
shifts the membrane potential to the inhibitory equilibrium level, i.e. the 
potential change due to GABA reverses at the same potential at which 
inhibitory potentials reverse (Kuffler, 1960). For the present test one 
needs conditions in which the known inhibitory post-synaptic conductance 
increase by GABA can be excluded, as it was excluded for neural inhibi- 
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tion in the experiment of Fig. 3. These requirements were met in the fol- 
lowing manner. In the preparation of Fig. 10 the inhibitory reversal 
potential (rev. pot.) was 7mV more positive than the resting potential 
(interrupted line), determined as in Fig. 2. Excitatory stimuli at 10/sec 
set up ¢.j.p.s, which after a period of facilitation reached a fairly steady 
height near 5:5 mV. If, for instance, 5 x 10-5 m or a stronger concentration 
of GABA was applied (not illustrated), the resting potential became de- 
polarized toward the inhibitory reversal potential (cf. Kuffler, 1960, 
Fig. 11) and the e.j.p.s further added to the depolarization, their peaks 
exceeding the reversal potential. At certain concentrations of GABA 


Fig. 10. Second ‘inhibitory’ action of GABA. Intracellular records of e.j.p.s at 
stimulation rate of 10/sec. Peaks of e.j.p.s do not reach the inhibitory reversal 
potential (rev. pot.), which was 7 mV more positive than the resting potential 
(interrupted line). 10-'m™ GABA reduced e.j.p.s moving their peaks away from 
the reversal potential. The reversal potential for GABA coincided with the inhibi- 
tery reversal potential, 


(10-5 m in the preparation of Fig. 10) no depolarization of the membrane 
was noted while the e.j.p. peaks were reduced, away from the inhibitory 
equilibrium potential. (Note a small hyperpolarization, due to the non- 
specific “wash effect’ of the applied solution.) 

In interpreting the result of Fig. 10 one needs to point out that the 
known conductance increase of the post-synaptic membrane by GABA can 
shift the potential only toward the GABA equilibrium potential. As long 
as the e.j.p. peaks are below the inhibitory equilibrium level, their diminu- 
tion away from this potential cannot be accounted for by an inhibitory 
conductance increase. Therefore, GABA has, in addition to its post-synaptic 
conductance increase, a second inhibitory action on the e.j.p. On the basis 
of the analogy with presynaptic inhibition described in this study, the 


_ effect of GABA is probably due to its action on the motor endings. 
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DISCUSSION 


Our results concerning the conductance increase in crustacean muscle 
fibres during inhibition are in full agreement with those of other workers 
(Fatt & Katz, 1953; Boistel & Fatt, 1958; Grundfest, Reuben & Rickles, 
- 1959; Hagiwara, Kusano & Saito, 1960). The conductance increase in cray- 
fish muscle during inhibition is predominantly an increase in the perme- 
ability to Cl-, a conclusion confirmed once more by our finding that 
changing the membrane potential by excess K* did not significantly alter 
the inhibitory equilibrium potential (Fig. 2). 

An examination of the evidence for presynaptic inhibition may be made 
in two stages. First, that a new mechanism in addition to conductance 
increase exists, and secondly that this mechanism is, in fact, presynaptic. 
The evidence for an additional mechanism is quite direct. Two experi- 
mental situations were presented in which an inhibitory conductance in- 
crease could not be expected to reduce the e.j.p. amplitude. In one the 
inhibitory equilibrium potential was more positive than the peak of the 
e.j.p.8, yet they were reduced by properly timed inhibition (Fig. 3). In the 
other the excitatory synaptic current was measured by extracellular 
micro-electrodes. This synaptic current was not changed by the inhibitory 
post-synaptic conductance increase. We found, however, very strong reduc- 
tions with inhibitory stimulation (Figs. 6 and 7). 

The positive evidence for the presynaptic mechanism is less direct than 
the evidence which excludes the post-synaptic conductance increase in 
specific instances. The principal new result reported here is that during 
inhibition the size of the released quanta was unchanged, while their num- 
ber was reduced, i.e. less transmitter was released. This alone requires that 
, the process be presynaptic provided the quanta are released presynapti- 
cally. The reasons for the latter assumption were presented in the first two 
papers in this series (Dudel & Kuffler, 1961a, 6). It should be recalled that 
these papers did not contain direct evidence for the presynaptic release of 
quanta but showed the close and detailed analogy with the quantal 
release in the vertebrate junction; there the evidence for quantal release 
from the presynaptic terminals was complete (Katz, 1958). 


There are numerous questions left about the details of the presynaptic 


events. Not even the structural relationship between the excitatory and 
inhibitory terminals is known. Under the light microscope the axons run 
together and split up together into fine arborizations on the muscle surface 
(for early references see D’Ancona, 1923; Tiegs, 1924; van Harreveld, 
1939). 

Physiologically there is the problem whether the inhibitory axon exerts 
its effect on the motor terminals electrically, by current flow, or chemically, 
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by means of a transmitter. The motor endings appear to have chemo- 
receptor sites because the presynaptic neural inhibition could be repro- 
duced by applying GABA. This substance mimics, in all known respects, 
the effects of the inhibitory transmitter (Kuffler, 1960). Another point in 
favour of chemical interaction is the timing relationship of impulses. The 
inhibitory impulse has to arrive near the junction more than 1 msec before 
the excitatory impulse for a maximal presynaptic inhibitory effect. Syn- 
aptic delays of 1 msec are usually seen in our nerve—muscle junctions. If 
the inhibitory transmitter acts on the excitatory nerve with the same 
delay, its effect would appear just at the time when the motor impulse 
arrives at that region. For an electrical interaction, on the other hand, a 
1 msec minimal delay seems rather long. In addition, one can detect some 
presynaptic inhibition even when the inhibitory impulse precedes the 
excitatory one by 5-6 msec (Fig. 4). This fits much better if the inter- 
action is chemical, and makes electrical transmission unlikely. 

In respect to the mechanisms of the reduction of the probability of 
release by inhibition, very few facts are available. We have evidence that 
under normal conditions the nerve impulse, or perhaps its attenuated 
electrotonic extension, does get to the terminals even when no quanta are 
released (Dudel & Kuffler, 19616). The chemical steps between the mem- 
brane potential change and the release of transmitter are unknown. Thus, 
when we measure the probability of release we are dealing with the end- 
product of an unknown chain of events: Therefore, any discussion about 
the control of transmitter release during facilitation or inhibition remains 
speculative (Curtis & Eccles, 1960). The principal facts for which any 
eventual theory will have to account are these: inhibition can reduce post- 
tetanic facilitation or the release of spontaneous miniature potentials only 
if the inhibitory impulses precede the excitatory ones by a critical time; 
and further, the inhibited e.j.p.s still fit the Poisson distribution curve, only 
the probability of release is reduced. Significantly, even during inhibition, 
the failure to release a quantum after a stimulus does not influence the 
average quantum content of the e.j.p. set up by the next stimulus, This 
excludes inhibitory action being an intermittent conduction block at such 
distance from the junction that no effective membrane potential change 
would reach the terminal. 

Although many possible mechanisms might explain presynaptic inhibit- 
ion, we would point out that the main known action of the inhibitory trans- 
mitter can be used for a consistent explanation. One may assume that the 
inhibitory nerve impulse releases in its terminal region a transmitter which 
acts on the neighbouring motor nerve fibre by increasing the conductance 
for a few milliseconds, as it does in the post-synaptic muscle membrane. 
The increased conductance, in turn, will decrease the electrical potential 
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change which serves as a ‘stimulus’ for the terminal. If this change were 
electrotonic (see below) one could explain the fact that the inhibitor 
reduces the e.j.p. independently of its size (Table 3). The size of the 
stimulus probably controls the average amount of quanta which are re- 
leased and could also determine the extent of post-tetanic facilitation. 
That the size of a nerve impulse can control transmitter output has been 
suggested by the experiments of del Castillo & Katz (1954), who hyper- 
polarized the terminals and obtained larger end-plate potentials. Hagiwara 
& Tasaki (1958) also were able to reduce or increase synaptic potentials in 
the squid stellate ganglion, by changing the presynaptic membrane 
potential. 

The advantage of the above suggestions is the possibility of an experi- 
mental test. Attempts to record changes in the size of the motor nerve 
impulse in the terminals have not yet been successful. We have also tried 
to determine the ‘excitability’ of the terminals (Wall, 1958) by stimulating 
them at the spots where the extracellular junctional potentials were 
recorded. It was not possible to set up impulses in the motor axon by 
passing current through this terminal area. This may lead one to suspect 
that the fine terminal stretch actually does not carry all-or-none impulses 
as the axon does, but is reached by electrotonic potentials only. 

There are some suggestions for a presynaptic mechanism of inhibition 
elsewhere in the nervous system. Of special interest is the observation by 
Frank & Fuortes (1957), who saw inhibition of monosynaptic excitation in 
the spinal cord of cats without any appreciable change in the excitability 
of the post-synaptic cell. This ‘remote inhibition’ of Frank & Fuortes may 
well be presynaptic. A similar report comes from J. C. Eccles and his 

co-workers (personal communication). Therefore a definite possibility 
exists that the mammalian nervous system may also make v use of a pre- 
mechanism. 

SUMMARY 

1 At crustacean neuromuscular junctions, as well as in numerous 
synapses elsewhere, the inhibitory transmitter acts by increasing the post- 
synaptic permeability to certain ions while the membrane potential re- 
mains near the resting level. 

2. If inhibitory impulses are timed to arrive at the neuromuscular 
junction 1-6 msec before the excitatory impulse, they reduce the excitatory 
junctional potentials (e.j.p.s). It is demonstrated that in specific instances 
this reduction of e.j.p.s cannot be brought about solely by an increase in 
a post-synaptic inhibitory conductance. 

3. The average number and size of quanta released by an excitatory 
nerve stimulus from nerve terminals were determined at individual junc- 
tional areas with extracellular micro-electrodes. Properly timed inhibition 
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reduced the number of released quanta while their size remained un- 
changed. Therefore, this type of inhibition acts at a presynaptic site on the 
excitatory nerve terminals, reducing their output of transmitter. These 
results do not support as mechanisms of inhibition either a post-synaptic 
decrease of sensitivity to the transmitter or a conduction block of the 
excitatory nerve. 

4. Applied gamma-aminobutyric acid has an inhibitory effect in addi- 
tion to its post-synaptic inhibitory conductance increase. This and a mini- 
mal synaptic delay of about 1 msec suggest chemical transmission from the 
inhibitory to the excitatory nerve terminals. 

5. Presynaptic inhibition reduces the post-excitatory fanilitehdon of 
e.j.p.s as well as the post-excitatory frequency increase of spontaneous 
miniature potentials. Presynaptic inhibition itself shows a process of 
facilitation, much like the inhibitory junctional potential. 


We wish to thank Dr David Potter who participated in some of the experiments, 
Dr Edwin Furshpan for helpful discussions, and Mr R. B. Besler for his unfailing assistance 
during the course of this study. Financial support by the United States Public Health 
Service and by the Mallinckrodt Foundation is acknowledged. 
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DRINKING BY NEPHRECTOMIZED RATS INJECTED 
WITH VARIOUS SUBSTANCES 


By J. T. FITZSIMONS 
From the Physiological Laboratory, University of Cambridge 


(Received 24 October 1960) 


Gilman (1937), experimenting on normal dogs, observed that hypertonic 
solutions of sodium chloride, which cause cellular dehydration, gave rise 
to more drinking than hypertonic solutions of urea, which do not cause 
loss of cell water. He concluded that thirst is due to cellular dehydration. 

Experiments on dogs by Holmes & Gregersen (1950a, 6) in which a 
variety of substances were given, confirmed that osmotically effective 
solutes cause most drinking and by implication most thirst, and Adolph, 
Barker & Hoy (1954) showed that sodium chloride was twice as powerful 
as urea in causing normal rats to drink. In both species, however, no 
simple quantitative relationship was found between the amount of sub- 
stance injected and the amount of water drunk. , 

In the present work it was thought that the analysis would be simplified 
if the kidneys were removed, because there could be no renal response to 
the substance, which could therefore act until neutralized by drinking, and 
the quantitative relation between the amount of substance injected and 
water drunk could thus be investigated. It was hoped that the cellular 
dehydration hypothesis of drinking would be tested in this way. 


METHODS 


Male albino rats, weighing between 150 and 400 g, were most commonly used in these 
experiments, but some female rats and a small number of hooded rats and ginger rats of 
both sexes were used also. Food (Diet 41, Bruce & Parkes, 1949) was available until the 
beginning of the experiment and water was available before and during the experiment from 
a drinking meter which enabled the time course of drinking to be recorded (Fitzsimons, 1958). 


Experimental procedure 
Each animal was anaesthetized with open ether and the external jugular vein catheterized 
by a soft polyvinyl chloride tube, outside diameter 1 mm. The tip of the catheter was 
advanced to the right atrium to minimize the complication of dead space when injections 
were being made. The catheter was brought subcutaneously to the back of the neck and 
about 2 cm was left projecting through a stab wound in the skin. The catheter, which was 
filled with 0-9 % sodium chloride solution, was closed with a small plug. 

Bilateral nephrectomy was then carried out through a dorsal incision. A clean surgical 
technique was employed, but no aseptic precautions were taken because the experiments 
36-2 
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only lasted for 6 hr. In some early experiments unilateral nephrectomy was performed a 
few days previously and at the same operation a loose ligature was placed round the 
pedicle of the remaining kidney and the ends taken out through the skin wound. This 
ligature was tied just before the start of the experiment with little apparent discomfort to 
the animal, completing destruction of renal function. The results obtained after the two 
methods of nephrectomy were the same. 

About 1-1} hr after the operation a known amount of solute in hypertovic solution was 
injected through the jugular catheter, washing through with 0-9 % sodium chloride solution 
so that the total injection volume was approximately 1 ml./100 g body weight. After 
large doses of the less soluble substances this percentage was exceeded. During the injection 
the rat was not restrained, but allowed to walk around if it wished. If there were signs of 
discomfort, e.g. head movements, the rate of injection was slowed. 

After the injection, the rat was weighed to the nearest 0-1 g and put into an individual 
metabolism cage. Spontaneous drinking was recorded for the next 6hr. As will be seen 
later, 6 hr was usually long enough for the rat to recover from the injection and finish 
drinking. At the end of 6 hr the rat was weighed, together with any faeces passed; water 
loss from faeces after voiding was regarded as part of the non-urinary water loss of the 
animal. The majority of the rats did not in fact defaecate, and those that did passed one or 
two pellets only. 

Control rats were subjected to the same procedures as the experimental animals except 
that they were given 1 ml./100 g body weight 0-9 % sodium chloride solution intravenously. 

In some experiments the inulin space was measured by injecting 1 ml. of 10% inulin 
(Kerfoot) intravenously at the time of nephrectomy and estimating the serum concentration 
at the end of the experiment by a resorcinol method (Bell, 1955). 

In some experiments also the serum freezing points were measured thermoelectrically at 
the end of the 6 hr period. | 

Solutions 

Solutions for injection were prepared from Analar reagents dissolved in 0-9% sodium 
chloride solution, except sodium chloride itself which was dissolved in water (Table 1). 
Sugar and urea solutions were freshly prepared; electrolyte solutions were stored in glass- 
stoppered bottles. The solutions were not sterilized. : 


TaBLE 1. Concentration (m) of substances in solutions: each substance, — 
except NaCl, was dissolved in isotonic Na€l solution (9 g/l. water) 


Electrolytes Non-electrolytes 

NaCl (in water) 2 Glucose 2 
CH,COONa Methyl glucose 2 
Na,SO, 2* Fructose 2 
KCl 1 Sucrose 2 

CH,COOK 1 Sorbitol 2 

Mannitol 2* 
Urea 8 


* Only dissolves completely when warm. 


Expression of results 

The weight changes of the whole animal were used as measures of water balance, ignoring 
_ respiratory weight changes, metabolic water and water remaining in the alimentary tract. 
In 6-hr experiments on rats not permitted access to food these amounts are small (Jelleff, 
Carr & Krantz, 1942), tend to cancel one another, and are presumably approximately the 
same for control and experimental groups. 

The water balance of the animal, i.e. gain or loss of weight, is expressed as a percentage 
of the initial body water of the animal, which includes the volume of fluid injected. Initial 
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body water was estimated on 91 rats by subtracting weight changes from final body water 
measured by evaporating the comminuted carcass to constant weight at 100—105° C. The 
observed mean of 69 g/100 g initial body weight has been used in all calculations. 

The amount of hypertonic solution injected is given in ml./100 g initial body weight, 
where initial body weight is the post-injection body weight. The amount of solution injected 
is also expressed in terms of the percentage increase in osmotic pressure of body fluids. 
To avoid having to restrain and bleed the experimental group, which might affect drinking, 
the increases in osmotic pressure were not measured directly, but were calculated by using 
osmotic coefficients appropriate to the ionicstrength of the mixture of body fluid (cf. Conway’s 
1957 data for the rat) and injected substance (Robinson & Stokes, 1955; Bayliss, 1959). 
The validity of the procedure was confirmed by measuring the freezing points of mixtures 
of sodium chloride and sodium sulphate. The coefficients of 0-96 for sodium and potassium 
acetate, 0-93 for sodium chloride and 0-92 for potassium chloride were taken from the 
International Critical Tables (1928). The sodium sulphate coefficient, which varied between 
0-805 and 0-825 depending on the amount of sodium sulphate injected, was taken from 
the data of Robinson & Stokes (1955). For all non-electrolytes a coefficient of 1 was assumed. 

An example of the calculation when sodium sulphate was injected is as follows. A group 
of rats were given 0-488 ml. 2m sodium sulphate/100 g initial body weight. Assuming that 
the sodium sulphate remains outside the cells, and that the cells behave as osmometers, 
the approximate ionic strength of the mixture of extracellular fluid and sodium sulphate is 
0:24 and the appropriate osmotic coefficient is 0-81. The amount of sodium sulphate added 
was therefore 0-488 x 6 x 0-81 = 2-372 m-osmole/100 g initial body weight. The real osmola- 
lity of body fluids before the injection was found to be 290 m-osmole/kg H,O, thus the 
initial osmotic content of the whole body fluids was 69 x 290/1000 = 20 m-osmole/100 g 
initial body weight. The increase in osmotic pressure was therefore approximately 11-9%. 
The calculations for the other substances are essentially the same, except that when sodium 
chloride was given allowance was made for the salt needed to bring the hypertonic volume 
to isotonicity ; other hypertonic solutions were made up in isotonic sodium chloride. 


RESULTS 
Description of a typical experiment 


The Sdaviour of nephrectomized rats for the first 24 hr after iiehion 
was not obviously different from normal. Food and water were still taken 
though consumption of both fell. Intake of water was sufficient to balance 
losses for at least the first 24 hr after nephrectomy. 

In 30 control rats which had received isotonic sodium chloride solution 
(Table 2) the average volume of water drunk was 1-82 ml./100 g initial 
body water and the average weight loss was 0-17 g/100 g initial body water. 
Change in weight shows the water balance (see under Methods): the controls 
thus effectively maintained water balance, and the deviations of water 
balance of the experimental animals from zero may therefore be attributed 
to the injected solutions. 

A kymograph record of drinking by a nephrectomized rat injected with 
0-327 ml. 2m sodium sulphate/100 g initial body weight is given in Fig. 1. 
The increase in osmotic pressure produced by this dose was 8%, the fluid 
balance after 6 hr was 10-8 g/100 g initial body water and the amount of © 
water drunk was 13-5 ml./100 g initial body water. 
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The drinking record of Fig. 1 is quite typical of records obtained after 
injection of a variety of substances, in that most drinking occurred in the 
first 2 hr, This is further illustrated in Fig. 2, which gives the mean rates 
of drinking after all the doses of sodium sulphate used. After most doses 


6 Hours 


Fig. 1. A kymograph record of drinking by a nephrectomized rat after injection of 
0-327 ml. 2m sodium sulphate/100 g body weight. 


TABLE 2. The amount of water drunk, fluid balance, inulin space and serum freezing point 
of nephrectomized rats 6 hr after injection of various doses of sodium chloride 


| Difference 
Water between 
NaCl Increase drunk control 
injected in (mal. / and 
(ml./100 g initial 100 g experi- 
initial osmotic initial § Fluid balance Inulin space mental . Serum freezing 
body pressure body (g/100 g initial (ml./100g initial inulin point at 6 hr 
wt.) (%) H,0) body H,O) body H,0) spaces (°C) 
Control 0 1:82 —0:17+0-27 (30) 35-52+0-99 (10) i — 0-566 + 0-0007 (10) 
0-086 1-5 1-13+0-81 (5) — 
0-162 2-8 4-47 2°72 + 0-95 (5) — 
0-272 4-7 6-36 4-64+0-55 (12) 40°:16+1-09 (10) 4-64 — 0-562 + 0-0079 (10) 
0-364 6-2 7:17 5-7 + 0°28 (3) 
0-536 9-2 9-17 74+0-5 (15) 43-864 1-24 (10) 8-34 
0-805 13-8 10-98 8-95+0:64 (10) 47-0 +1-42 (9) 11-48 — 0-585 + 0-0088 (9) 
1-042 17:8 10-09 8-13 + 1-89 (5) 45-24 + 2-13 (5) 9-72 — 0-636 + 0-0114 (5) 


In this and subsequent tables the mean +8.£. is given, with the number of observations in parentheseq 


there was a phase of rapid drinking lasting about 2 hr, followed by a phase 

in which the rate of drinking was only slightly more than the control rate. | 
| After the highest dose the initial rate of drinking was much slowed because 
‘s of incapacitating tetany that sodium sulphate causes in these doses. It 
would seem from these results that 6 hr is ample time for a nephrectomized 
rat to achieve equilibrium after injections which cause drinking. 
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A comparison of drinking by normal and nephrectomized rats 

The amounts of water drunk by normal and nephrectomized rats after 
various doses of sodium chloride or urea are plotted in Fig. 3. After the 
smaller doses of both substances the nephrectomized animals drank more 
water than the normal animals. After the higher doses of urea the position 
is reversed and the normal animals drank more than the nephrectomized, 
probably because of the loss of fluid due to the osmotic diuresis. From 
the trend of the curves in Fig. 3a, the same would almost certainly hold 
after sodium chloride if larger doses had been used. 
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3 
from start of experiment (hr) 

: Fig. 2. Cumulative amounts of water drunk after various doses of 2m sodium 
sulphate. Amount of sodium sulphate injected (ml./100g body weight) and 
number of animals used are given on each curve. 

Drinking caused by sodium chloride in nephrectomized rats 
The amounts of water drunk, the fluid balances, inulin spaces and serum 


freezing points of nephrectomized rats 6 hr after injection of various doses 


of sodium chloride are given in Table 2. The doses of sodium chloride are 


_ also expressed in terms of increases in initial osmolality. The mean initial 


serum freezing point of 12 control rats was — 0-540 + 0-0061° C of 
mean), giving a real osmolal concentration of ca. 290 m-osmole/kg H,O, 
and the percentage increases were calculated in the way described above. 

When isotonicity is restored by drinking there is numerical equality 
between the percentage increase in initial osmotic pressure and the fluid 
balance expressed as a percentage of initial body water. Doses of 2m 


| 
¥ 
re 
4 
i 
“a 
(10) 
J 
3 (9) | 
4 


568 J. 1. FITZSIMONS 


Water drunk (mi./100g initial body HO) 
Water drunk (ml./100 g initial body weight) 


1:0 2:0 25 30 3:5 40 
NaCl injected (m-mole/100 g initial body weight) 
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Urea injected (m-mole/100g initial body weight) 


Fig. 3. The amounts of water drunk by normal and nephrectomized rats after | 
various doses of (a) sodium chloride, and (b) urea. The data for nephrectomized rats 
plotted as @ are taken from Tables 2 and 7; data for normal rats plotted as © 

were obtained in experiments similar to those on nephrectomized animals, 

described in this paper; those plotted as © are calculated from the data of Adolph, 

Barker & Hoy (1954). 
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sodium chloride solution up to 0-272 ml./100g initial body weight, 
equivalent to a 4-7 % increase in initial osmotic pressure, were diluted to 
isotonicity by drinking. After higher doses net fluid intake was inadequate 
to restore osmotic pressure to normal. The serum freezing points confirm 
this conclusion. 

- Hypertonic sodium chloride solution produces changes similar to those 
produced by water deprivation, namely, cellular dehydration and an 
over-all increase in osmotic pressure of body fluids, without presumably 
any very marked change in the relative chemical composition of body ~ 
fluids. One important difference, especially in the nephrectomized rat, is 
that sodium chloride causes expansion of the extracellular space. This 
expansion becomes more marked as the nephrectomized animal drinks, and 


TaBLE 3. The effect of expanding body fluids on drinking induced by 
hypertonic NaCl in nephrectomized rats 


Isotonic Water : 
NaCl 2 m-NaCl Increase drunk Fluid 
infused injected in initial (ml./100 g. balance 
(ml./100g (ml./100g osmotic post- Fluid balance (g/100 g 
initial -infusion pressure infusion (g/100 g post- pre-infusion 
- body H,O) body wt.) (%) body H,O) infusion body H,O) body H,O) 
0 0-805 13-8 10-98 8-95 + 0-64 (10) 8-95 
3-09 0-819 13-8 10-3 8-98 + 0-92 (6) 12-8 
10-03 0-824 13-6 10-24 8-16 + 1-33 (9) 20-5 


Proportionately larger doses of hypertonic NaCl were given to the infused animals to 
allow for the greater initial body water. 


it may be seen that in the experiments of Table 2 the differences between 
the control and experimental inulin spaces were approximately equal to 
the fluid balances, i.e. the net fluid intakes were mostly accommodated in 
_ the extracellular spaces. 

To determine whether expansion of extracellular space affects drinking, 
experiments were carried out in which injections of hypertonic sodium 
chloride solution were immediately preceded by large infusions of isotonic 
sodium chloride solution, given over a period of about 5 min. It was found 
_ that the response to hypertonic sodium chloride, calculated in terms of 
the augmented initial body water, was the same as for the group which had 
not been previously infused (Table 3). This occurred despite a fluid balance, 
including the isotonic infusion, considerably in excess of the largest fluid 
balance produced by a drinking stimulus alone. Thus this degree of expan- 
sion of extracellular fluid is not a factor modifying drinking. | 

The nephrectomized rat is a suitable preparation to study adaptation of 
a thirst receptor, because once sodium chloride is injected it must remain 
in the animal. If drinking is not allowed until some hours after the in- 
jection, any adaptation should be revealed by comparing the fluid balance 
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with the fluid balance when drinking was permitted from the start of the 
experiment. 

It was found (Table 4) that withholding water for 2 hr after injection of 
hypertonic sodium chloride solution had little effect on the final fluid 
balance in a 6 hr experiment. When water was withheld for 4 hr, so that 
the time available for drinking was reduced to 2 hr, net intake of water 
was a little less, but records of the rate of drinking show that this was 
because there was less time for drinking rather than adaptation (Fig. 4). 


Drinking caused by sodium sulphate, sodium acetate and sucrose in 
| nephrectomized rats 


Data for the effects of sodium sulphate, sodium acetate and sucrose in 
nephrectomized rats are given in Table 5. Sodium sulphate was found to 


TaBLeE 4. The effect of temporarily withholding drinking water after 
administration of hypertonic NaCl 


Duration of 2 m-NaCl Increase 


water injected (ml./ in initial : 
deprivation 100 g initial osmotic Fluid balance (g/100 g 
(min) body wt.) pressure (%) 7 initial body H,O) 
0 0-536 9-2 7-4+0-5 (15) 
120 0-523 9-0 7441-15 (6) 
240 9-25 6-64 + 0-73 (6) 
10 
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Cumulative amount of water drunk (ml./100g initial body weight) 
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Fig. 4. The effect of temporarily withholding water after injection of hypertonic 
sodium chloride on the subsequent rates of drinking (see Table 4). 


: 
wig 
ra) 
sol 
4 
(ml./ 
bod 
| 


DRINKING BY NEPHRECTOMIZED RATS 571 


cause the most drinking of all substances tested. Fluid balances were 
more than sufficient to neutralize up to about 0-49 ml, 2m sodium sulphate/ 
100 g initial body weight, equivalent to a 12° increase in initial osmotic 
pressure. The serum freezing points confirm that the animals tended to 
drink to hypotonicity after the lower doses of sodium sulphate, and as 
after sodium chloride the inulin spaces show that the net fluid intake 1 was 
mostly accommodated in the extracellular space. 


TaBLE 5. The amount of water drunk, fluid balance, inulin space and serum freezing point 
of nephrectomized rats 6 hr after injection of various 8 doses of —— sodium sulphate 
sodium acetate or sucrose 


Volume Difference 
of hyper- Water : between 
tonic Increase drunk control 
solution in (mif and 
injected initial 100 g experi- 
(mL/100g osmotic initial Fluid balance Inulin space mental Serum freezing 
initial. pressure body (g/100 g initial (ml./100g initial inulin point at 6 hr 
body wt.) (%)  H,O) H,O) body H,O) spaces (°C) 
Control . 0 1-82 —0-17+0-27 (30)  35-52+0-99 (10) — 0-566 + 0-0007 (10) 
2 m-Na,SO, 
087 2-2 4-92 2°59 + 0-25 (5) 36-96 + 0-39 (5) (1-44 = 
0-148 3-7 6-58 4-32 + 0-56 (5 
0-234 5-8 9-1 6-77 +0°78 (9 44-82 + 0-37 (7) 9-3 — 0-553 + 0-0078 (8) 
0-352 8-6 12:0 9-63+1-02(9) | — — — 
0-488 11-9 14:24 1244+ 1-34 (9) 51-3+1-81 (9) 15-78  #—0556+0-0044 (9) 
0-722 17-5 15-24 12-4 +1-68 (6) 48-4 + 1-82 (6) 12:88  —0-598+0-0043 (6) 
2 m-CH,COONa 
0-149 2-8 4-6 2-61 + 0-04 (5) 
0-243 4-7 5-92 3°99 + 0-9 (5) — —_ — 
0-496 9-5 8-45 6-67 + 0-54 (10) — — — 
0-745 143 10-24 8:34+ 1-17 (9) 43-92 + 0-67 (8) 8-4 
2m Sucrose 
0-159 1-6 . 2-42 1-36 +0-8 (3) — 
0°335 3-3 5-5 3-29 + 0-35 (3) — 
0-536 5-4 6°35 4:8 +1-29 (3) 
0-738 7°5 5°8 +031 (3) — 
1-055 10-5 8-21 6-59 + 0-81 (6) — 
1-58. 15-8 10-09 8-35 + 0-58 (8) — — 


In some animals the larger doses of sodium sulphate caused overt 
tetany. On two occasions the experiment had to be stopped because the rat 
was distressed, but usually the rat recovered quite quickly and would start 
or continue to drink. The mean delays before the onset of drinking after | 
the highest doses of sodium chloride and sodium sulphate show the effect 
of tetany (Table 6), as do the curves of the rates of drinking in Fig. 2. 

The response to sodium acetate (Table 5) was almost the same as to 
sodium chloride, perhaps surprisingly in view of the fact that acetate is 
metabolized. However, the presence of sodium ions in the extracellular 
space requires anions for electrical neutrality, presumably bicarbonate, 
which subserve the same osmotic function as acetate. It has been shown — 
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that sodium acetate causes an alkalosis in no way different from a bi- 
carbonate alkalosis (Lipsky, Alper, Rubin, Van Eck & Gordon, 1954). 
Sucrose (Table 5) was as effective as sodium chloride and sodium acetate 
in causing drinking. The close agreement between _ fluid balances after 
doses of equal osmotic strength is striking. 


Taste 6. Intervals before the onset of drinking after the higher doses of sodium 


chloride and sodium sulphate 
NaCl 3 Na,SO, 

2 m-NaCl Increase Increase 2 u-Na,SO, 
injected in initial in initial injected 
(ml./100 g osmotic osmotic (ml./100 g 

initial pressure Mean latency Mean latency pressure initial 
body wt.) (%) (min) (min) (%) body wt.) 

0-805 13-8 7:3 (10) 40 (9) 11-9 0-488 

1-042 17-8 10 (5) 107 (6) 17°5 0-722 


TABLE 7. The amount of water drunk and fluid balance of nephrectomized rats 6 hr after 
injection of substances which did not cause much drinking, and the effect of temporarily 
withholding drinking water after injection of urea 


Volume of hypertonic Increase in | 
solution injected initial osmotic Water drunk Fluid balance 
(ml./100 g initial pressure (ml./100 g initial (g/100 g initial body 
body wt.) (%) body H,O) | H,0) 
Control 7 0 1-82 — 0-17 + 0-27 (30) 
2 m Sorbitol | 
0-532 53 3°5 1-98 + 0-38 (6) 
1-04 10-4 2-89 + 0-42 (5) 
1-55 15°5 5-83 +0-88 (7) 
2m Mannitol 
1-52 15-2 3°5 2-01 + 1-36 (5) 
2m Glucose | | 
1-575 15°75 oS 0-27 + 0-43 (15) 
2m Methyl glucose 
1-59 159 2-47 0-79 + 0-66 (5) 
2m Fructose 
1578 15:7 4-13 7 2-09 + 0-62 (10) 
8m Urea (immediate access to drinking water) 
0-127 5-1 3-3 0-98 + 0-62 (10) 
0-253 10-1 4-62 2-34 + 0-49 (8) 
0-505 20-2 5-86 3°44 + 0-65 (8) 
0-775 31-0 6-49 4-25 + 0-38 (9) 
0-98 39-2 6°75 4-59 + 0-96 (5) 
8m Urea (drinking water withheld for 165-230 0% after injection) 
0-752 30-1 0-61 (8) 


Substances which did not cause maak drinking 


The effects of sorbitol, mannitol, glucose, methyl glucose, fructose and 
urea on the water intake of nephrectomized rats are given in Table 7. 
In this class, sorbitol, mannitol, fructose and urea were the most effective 
and glucose and methyl glucose the least effective. Fluid balances after 
glucose and methyl glucose were only slightly greater than the control 
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balance. Urea had a definite effect on drinking, but even after the very 
large dose of 0-98 ml. 8m urea/100 g initial body weight, giving an increase 
in osmotic pressure of about 39%, the positive fluid balance was only 
4-6 g/100 g initial body water. Delayed access to drinking water after 
urea administration did not markedly alter the amount of water drunk 
subsequently. 


TaBLE 8, The amount of water drunk and fluid balance of nephrectomized rats 6 hr after 
injection of potassium salts, and the effect of temporarily withholding drinking water after 
injection of potassium chloride 


Volume of hypertonic Increase in Water drunk 
solution injected initial osmotic (ml./100 g Fluid balance 
(ml./100 g initial pressure initial baie (g/100 g initial body 
body wt.) (%) H,0) H,0) 
Control 0 1-82 — 0-17 +0-27 (30) 
Im-CH,COOK 
0-344 3:3 3-13 1-94+0-19 (5) 
1m-KCl (immediate access to drinking water 
0-25 2:3 3:5 1-5+0-54 (5) 
0-413 4-5 2-31 + 0-86 (5) 
0-621 5-84 1-09 (5) 
1m-KCl (drinking water for min after injection) 
0-618 5-12 3-14 + 0-67 (10) 


Drinking caused by potassium salts in nephrectomized rats 


Potassium salts were unexpectedly effective in causing nephrectomized 
rats to drink, even when immediate access to drinking water was prevented 
(Table 8). Potassium salts, particularly in the large doses used here, are 
very toxic. Injections were given slowly in divided doses and part of the 
dose was often given subcutaneously, but despite these precautions toxic 
manifestations were the rule. These consisted of irregular movements of 
muscle including the respiratory muscles, temporary paralysis and irregular 
action of the heart. There was apparently complete recovery 5-10 min 
later and the rats would start to drink. ? 


DISCUSSION 


A number ve substances cause nephrectomized rats to drink, casting 
doubt on the assertion that the sensation of thirst does not occur in the 
nephrectomized rat (Linazasoro, Jiménez Diaz & Castro Mendoza, 1954). 
Sodium chloride, sodium sulphate, sodium acetate and sucrose were the 
most effective substances in causing drinking and were equally effective 
in isosmotic doses when the doses were small. It is therefore unlikely that 
drinking was due to specific chemical properties of the substances, 
but rather it was due to a common or colligative property such as osmotic 
pressure. Furthermore, these are substances which are known to dehydrate 
most of the cells in the body. In doses producing increases of up to 5 % in 
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osmotic pressure, comparable with the increases met in normal life, these 
substances caused enough drinking to restore the osmotic pressure of 
body fluids to normal, as is shown in Fig. 5 where the line 0A represents 
restoration of isotonicity. However, restoration of body fluids to isotonicity 
is quite incidental as is shown by the relative failure of substances such as 
urea and glucose, which penetrate cells, to cause drinking. In the case of 
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Fig. 5. The relationship between increase in initial osmotic pressure produced 
by injection of various substances and the net fluid intake of nephrectomized 
rats. The data are taken from Tables 2, 5, 7 and 8. The line 0A delineates the 
theoretical relationship predicted for an osmotically effective substance by a 
simple cellular dehydration hypothesis of drinking, indicating restoration of cell 
size. @ Na,SO,, O sucrose, © NaCl, @ CH,COONa, x KCl, + CH,COOK, 
A sorbitol, A urea, 7 mannitol, (1) fructose, © glucose, @ methyl glucose. 


injected substances which are confined to the extracellular space, sufficient 
drinking to dilute these substances to isotonicity also restores the cells to 
their initial size, provided there is no net movement of normal body fluid 
constituents across the cell membranes. If it be assumed that the cells 
in a thirst receptor zone behave in the same way as the majority of cells 
in the body, then as a first approximation these results are in accordance 
with a hypothesis that thirst and drinking are due to dehydration of cells 
in a receptor zone. 3 


Further support for the hypothesis is provided by the inulin spaces, 
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which show the lack of appreciable cellular dehydration after the higher 
and unneutralized doses of sodium chloride, sodium sulphate and sodium 
acetate when the animals had voluntarily stopped drinking. The animals 
had stopped drinking when presumably the receptor cells had been 
restored to their normal size, even though the injected substances had 
not been diluted to isotonicity. 

Holmes & Gregersen (1950a) and Adolph e¢ al. (1954) emphasized that 
in intact animals the amount of water drunk in response to an osmotic 
stimulus is not simply related to the amount of water required to restore 
the animal to isotonicity, and that if drinking were not permitted during the. 
first few hours after the injection, the amount of water subsequently drunk 
was the same as when drinking was allowed immediately after the injection, 
even though the injected substance had been mostly excreted in this time. 

One reason for their failure to find a simple relationship between the 
amount of substance injected and drinking is that the experiments were 
carried out on animals with functioning kidneys. Adolph and his colleagues 
in fact questioned the view that drinking may be modified by a renal 
response to the injected substance, saying, ‘we found no good evidence 
that drinking was stimulated as an alternative to the performance of 
osmotic work in the kidneys.’ The present experiments provide such 
evidence, because it was found that nephrectomized animals drank more 
water than normal animals after identical injections. It seems reasonable 
to conclude that the extra amount of water was drunk because the — 
substances were not removed by renal excretion. 

Another complication is that Adolph et al. (1954) used oral and in- 
traperitoneal routes for administration of hypertonic urea or sodium 
chloride. The intraperitoneal injection of hypertonic solutions appears to 
be painful, and moreover, there may be temporary pooling of fluid in the 
peritoneal cavity, so that any effect on drinking may be secondary. These 
authors in fact found different responses to the same amount of solute given 
by the two routes. The advantages of intravenous injections are that they — 
cause least apparent discomfort to the animals, they avoid the complication 
of pooling and they allow rapid distribution of the injected substance. 

A third reason is that all previous workers measured the amount of 
water drunk rather than the.net fluid intake. In a rapid drinker like the 
dog this may be reasonable, though there is the complication of temporary 
. gastro-pharyngeal satiation (Montgomery & Holmes, 1955). In a slow 
drinker such as the rat, however, non-urinary loss of water during the 
drinking period will appreciably alter the amount of water available for 
diluting the injected substance. 

Though after lower doses of sodium sulphate, sodium chloride, sodium 
acetate and sucrose, fluid balances were close to the values expected on 
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a cellular dehydration hypothesis of drinking, after higher doses the re- 
sponse curves fell away from the predicted relationship (Fig. 5). Expansion 
of extracellular fluid does not appear to be a factor, because in the experi- 
ments in Table 3 infusion of isotonic sodium chloride did not modify the 
drinking caused by subsequent injection of hypertonic sodium chloride. 
The total fluid balance of these animals, including the infusion, was 
considerably greater than the largest fluid balance achieved by drinking 
alone. Nor does adaptation of the receptor appear to be important, 
because a 4 hr delay had little effect on the response to sodium chloride 
(Table 4). The serum freezing-point values rule out the possibility that the 
injected substances were sequestered in osmotically inactive forms, yet 
from the inulin spaces large doses of these substances. appear to be osmotic- 
ally ineffective. Endogenous release of cellular osmotic material raising 
the cellular osmotic pressure is a possible explanation of reduced osmotic 
effectiveness (McDowell, Wolf & Steer, 1955), but a more likely explana- 
tion is that the injected substances in large doses penetrate the cells. In 
the case of sucrose, reduced osmotic effectiveness could be due to meta- 
bolism. White & Rolf (1957) found that when inulin or sucrose was given 
to nephrectomized rats 100% of inulin was recoverable 6 hr later, but 
only 85-2 % of sucrose. 

Glucose and methyl glucose caused very little drinking, fructose rather 
more; all are freely permeant and would be expected to be ineffective on 
a cellular dehydration hypothesis. Urea did cause some drinking (Fig. 5). 
It has been found to cause some drinking in normal animals, but most 
authors assume that this is due to osmotic diuresis (e.g. Strauss, 1957), 
though Adolph et al. (1954) said that, ‘only in time did drinking appear 
to dictate excreting rather than vice versa’, implying that urea stimulated 
a thirst receptor directly. According to most authors urea should be 
without effect in nephrectomized animals, but it proved a more powerful 
stimulus of drinking than was expected, and significantly, in lower doses, 
more effective in. nephrectomized animals than in normal animals. 
Transient osmotic stimulation of the receptor is ruled out by the experi- 
ments in which access to drinking water was delayed for some time after 
injection of the urea. The reason may be that the receptor itself is im- 
permeable to urea. Conway & Fitzgerald (1942) found that there are 
regions in the central nervous system which are relatively impermeable to 
urea, and recently Javid & Anderson (1959) showed that hypertonic urea 
solutions have a powerful action in lowering cerebrospinal fluid pressure, 
the effect being greater and longer lasting after bilateral nephrectomy. 
It is interesting to note that Zuidema, Clarke & Minton (1956) obtained 
antidiuretic responses from lightly anaesthetized dogs with urea infusions 

which raised the osmotic pressure by 2°%, over a period of 40 min, though 
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Verney’s (1954)results on conscious dogs show that the antidiuretic receptor 
is normally permeable to urea. 

The sugar alcohols, sorbitol and mannitol, were about equally effective 
as urea in causing nephrectomized rats to drink. Holmes & Gregersen 
(1950a) on the contrary found that sorbitol given to normal dogs was as 
powerful a stimulus of drinking as sodium chloride, sodium sulphate and 
sucrose. Holmes & Gregersen state that sorbitol causes the same fluid shifts 
in the body as sodium chloride, but from their figures for plasma protein 
levels before and after injection of sodium chloride or sorbitol it is evident 
that the fluid shifts caused by sorbitol were more evanescent. This may be 
because sorbitol is metabolized (Blakley, 1951; mannitol is also metabolized, 
Hamburger & Mathé, 1952), or because it is more permeant than sodium 
chloride. Sorbitol would thus cause less drinking in the rat, a slow drinker, 
than in the dog, a rapid drinker. Apart from possible differences due to 
different rates of drinking, another reason for the discrepancy is that 
sorbitol is a powerful diuretic. The large amount of water drunk by normal 
dogs may therefore be due to renal loss of fluid. 

The part played by potassium in drinking is interesting. The association 
between potassium deficiency and thirst seems well established (Black, 
1957; Stanbury, 1958), and ingestion of potassium salts does not cause 
thirst or drinking according to Arden (1934) and Janssen (1936). These 
results are consistent with the cellular dehydration hypothesis, because loss 
of potassium might be expected to lead to cellular shrinkage, and admini- 
stration of potassium should cause no alteration in cell size because most 
cells are freely permeable to potassium. The quite vigorous drinking 
caused by potassium salts was therefore an unexpected finding. Whether 
this was a non-specific response to stress, whether the receptor itself is 
_ impermeable to potassium or whether there is some other explanation, it 
is impossible to say on present evidence. The toxicity of extracellular 
potassium complicates the interpretation of results which depend on the 
voluntary response of the animal. 

Sodium sulphate caused more drinking than any other substance 
(Fig. 5). There was, moreover, a tendency after the lower doses for the 
animals to drink more than was required for restoration of isotonicity. 
The reason for this overshoot is not known. One possibility is that the 
loss of cell water and dilution of normal extracellular constituents upsets 
the Donnan equilibrium. If enough potassium chloride were to leave the 
cells to restore the Donnan equilibrium and the animal drank sufficient 
water to achieve isotonicity, the cells would be slightly smaller than 
initially. To restore the cells to their initial size would require a slightly - 
greater water intake which would make the body fluids hypotonic. The 
order of overshoot expected, calculated from Conway’s (1957) data for 
the rat and assuming that potassium chloride is the only solute to cross 
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the cell membranes, agrees closely with the sodium sulphate response 
curve. The fact that sodium sulphate caused more drinking than any 
other substance supports the cellular dehydration hypothesis because 
sodium sulphate is more rigorously excluded from the cells than the other 
substances. The fact that the sodium sulphate response tends to overshoot 
the isotonic line might be regarded as additional evidence that it is the 
size of the cells in the receptor that determines whether drinking takes _ 
place. It should be emphasized in conclusion that cellular dehydration is 

not the only mechanism controlling water intake. 


SUMMARY 


1. Nephrectomized rats were found:to drink more water than norma} 
rats when given varying amounts of hypertonic sodium chloride solution 
or hypertonic urea solution, which produced increases of up to 15 % in the 
osmotic pressure of body fluids. 
| 2. Sodium sulphate caused most drinking in nephrectomized rats, but 

sodium chloride, sodium acetate and suerose were almost as effective in 
doses producing up to 5° increase in osmotic pressure. The relationship 
between net fluid intake and increase in osmotic pressure after these 
substances was as predicted by a cellular dehydration or osmometer 
hypothesis of drinking, in that the animals generally stopped drinking 
when the cells were restored to their initial size. 

3. A preliminary 10% isotonic expansion of body fluids did not prevent 
the full response to hypertonic sodium chloride. he 
4. Delayed access to drinking water after hypertonic sodium chloride 
§ did not significantly affect the amount of water drunk subsequently, nor 
| the initial rate of drinking. | 
| 5. Potassium chloride and sili acetate caused almost as much 
i drinking in nephrectomized rats as the four most effective substances. © 
f Delayed access to drinking water after injection of hypertonic potassium 
y chloride did not affect the amount of water drunk subsequently. 

6. Urea, sorbitol, mannitol and fructose were considerably less effective 
but nevertheless caused appreciable drinking. Delayed access to drinking 
water after injection of hypertonic urea did not cause much reduction in 
the amount of water drunk subsequently. Glucose and methyl glucose were 


the least effective substances tested, and net fluid intakes were werd slightly 
greater than control intakes. 


This work was done while the author held a Medical Research Council scholarship. 
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The kinetics of the reactions of haemoglobin with oxygen, carbon mon- 
oxide and other ligands have been extensively studied in recent years. 
The basis of these studies has been the intermediate-compound hypothesis — 
due to Adair (1925). According to this hypothesis the combination of 
haemoglobin with oxygen may be represented by the four consecutive 
reactions | 


Hb,+ O, Hb,0,; = K,, 
ky 


2 
2 


Hb,0, + 0, = Hb,0,; ks = Ks, 
k ks 


4 
Hb,0, + 0, = Hb,0,; = K,. 
k 


Estimates of K,, K,, K;, and K, may be obtained from accurate experi- 

mental observations on the equilibrium with oxygen. These observations 

must not only cover the range of saturation usually studied (5-95 % satura- _ 

tion) but must also include specially accurate observations between 0 and 
1% saturation and between 99 and 100% saturation. 

Roughton, Otis & Lyster (1955) describe how the necessary observa- 
tions may be made and how the values of K,, K,, Ks, and K, may be 
derived therefrom, together with their standard errors. They give actual 
sets of the constants for several samples of sheep haemoglobin, under the — 
standard conditions of 19° C and pH 9:1. 


The reactions of haemoglobin with carbon monoxide may be represented | 
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in a similar way to those with oxygen. In this case the symbols used for 
equilibrium and kinetic constants are 


The four velocity constants /;, 13, 1; and 1; are sufficient to describe the 

major part of the course of the over-all reaction between reduced haemo- 

globin and carbon monoxide, as the rate of dissociation of combined carbon 

monoxide may be neglected. Values of these constants for several samples 

of sheep haemoglobin have been determined by Gibson & Roughton (1957 a). 

A more complete description of work on this and other haemoglobin 
eactions may be found in the recent review by Gibson (1959). 

In using the intermediate-compound hypothesis it is assumed that each 

haemoglobin solution contains only one reacting species of haemoglobin 
molecule. The presence of two or more distinct haemoglobins having appre- 
ciably different affinities and hence differing in the rate of formation or 
dissociation of their compounds with ligands would. make the analysis of 
experimental observations in terms of the intermediate-compound hypo- 
thesis open to serious objection. 
_ Harris & Warren (1955) have shown that adult sheep haemoglobin is 
found in two electrophoretically distinct forms. These can occur separately 
or together in the blood of any individual sheep, and are genetically con- 
trolled. Thus three groups of sheep may be distinguished in this respect; 
Type A sheep possessing only haemoglobin A, the haemoglobin migrating 
more rapidly towards the anode at pH 8-6, Type B sheep with haemo- 
globin B and Type AB sheep having both haemoglobins. 

In this investigation the two haemoglobins have been compared in the 
kinetics of some of their reactions with oxygen and carbon monoxide. 
The conclusions reached by Roughton, Otis & Lyster (1955) and by 

Gibson & Roughton (1957) are considered in the light of the results. 


METHODS 


Samples of each haemoglobin have been obtained from the blood of Type A and Type B 
sheep. No attempt has yet been made to work with haemoglobin separated from the 
blood of Type AB sheep. All measurements were made at pH 9-1 for the reasons given by 
Roughton et al. (1955). 

Electrophoresis. The two haemoglobins were identified by electrophoresis in trays of 
starch gel prepared by the method described by Smithies (1955) ; 0-03 m borate buffer, pH 8:6, 
was used. Haemoglobins of known type were employed as markers on each tray. 


Equilibrium studies 
Materials. Freshly drawn blood was defibrinated by shaking with glass beads and then 
laked by the addition of two volumes of distilled water. Cell debris was removed by centri- 
fuging for 15 min at 25,000 g. A solution of sodium tetraborate was added to give a final 
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haemoglobin concentration equivalent to blood diluted 1 in 4 and 1-9 g Na,B,O0,.10H,O/ 
100 ml. The solution was used in this form on the day of preparation. If it was necessary to 
store this solution during the night or longer, it was first deoxygenated by repeated shaking 
in an evacuated bottle and washing with oxygen-free nitrogen. The oxygen-free solution 
was then stored under a positive pressure of nitrogen at 2-3° C. until required. In this form 
sheep haemoglobin is stable for some days with respect to oxygen-reacting properties 
(Roughton et al. 1955). | 

Determination of K,. The method described by Roughton e¢ al. (1955) was used to 
make three determinations on the oxygen equilibrium curve of each haemoglobin in the 
saturation range 1-3% at 19°C. In this range the approximation y’/100 = K,p/4, where 
y’ = % saturation and p = O, pressure (mm Hg), may be used (with the reservation given 
later) and this was used to give values of K, for each haemoglobin. 

Determination of L, and K,. Measurements on the carbon monoxide equilibrium in the 
range 99-0-99-5% saturation at 19° C were made by the method described by Roughton 
(1954). From two to four determinations were made for each haemoglobin. Further treat- 
ment of these results is given in the next section of this paper. There is at present no satis- 
factory direct method for studying the oxygen equilibrium curve in this saturation range. 
However, Roughton (1954) had shown that in this saturation range and at pH 9-1 the oxy- 
gen and carbon monoxide equilibrium curves are related, and if L, is known K, may be 
found from the relationship L, = MK,. M is the value of 


((COHb) pO,)/((0,Hb] pCO) 


for haemoglobin in equilibrium with such partial pressures of oxygen, pO,, and carbon 

monoxide, pCO, that the amount of unsaturated haemoglobin is small. Duplicate deter- 

minations of M-were made on each haemoglobin sample by the method described by Rough- 

ton (1954). In using this method it is assumed that carbon monoxide is conserved. The 

agreement between duplicates which had been equilibrated for times ranging from 2 to 6 hr 

confirmed that no serious evolution or consumption of this gas was occurring. : 
Kinetic studies 

A rapidly recording stop-flow apparatus similar to that described by Gibson & Roughton 
(1955) was employed. All measurements were made at room temperature and corrected to 
20° C by using the appropriate temperature coefficient. 

Determination of k,. The method described by Gibson & Roughton (1959) was used. 
0-4% Manox sodium hydrosulphite solution in 0-2m borate buffer, pH 9-1, saturated with 
carbon monoxide at 1 atmosphere pressure, was mixed with haemoglobin solution, blood 
1:80, in the same buffer in equilibrium with 80 mm Hg pressure of air. k, may be deter- 
mined from the slope of the plot of log [O,Hb] against time. 

Determination of l,. A method based on one described by Gibson & Roughton (19575) 
was employed. Carbon monoxide haemoglobin solution in equilibrium with a minimal 
amount of dissolved carbon monoxide was mixed with a solution of nitric oxide in the stop- 
flow apparatus. The replacement reaction which occurs is slow and it was followed by using 
@ pen recorder instead of the usual oscillograph. |, may be determined from the slope of the 
plot of log [COHb] against time. Controls showed thatthe rate of photodissociation of carbon 
monoxide haemoglobin due to the light passing through the observation tube was negligible. 

Determination of l;. Estimates of this constant were obtained by the method described 
by Gibson & Roughton (1955). Haemoglobin solutions were deoxygenated by shaking in 
evacuated tonometers and washing with oxygen-free nitrogen. These solutions were mixed 
with carbon monoxide solutions and the reaction observed. The usual second-order reaction 
plot of (log [CO]—log [Hb]) against time is not linear, but from the slope at zero time the 
value of J; can be estimated. Duplicate estimates of this constant were made in this way for 


each hameneiehian, Initial concentrations were determined by means of the Van Slyke 
manometric apparatus. 
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RESULTS 
Equilibrium studies 
Haemoglobin from four animals of each type was used in the investiga- 
tion of oxygen equilibrium curves in the range 0-3 %/ saturation. The values 
of K, determined are shown in Table 1. A measure of the accuracy of each 
determination, computed from the distance between the experimental 
points and the best line through them, is also given. The approximation 
employed gives values of K, which are about 15% too high, as terms in 


TABLE 1. Values of K, ([mm Hg]-*) for two sheep haemoglobins; pH 9-1, 19° C 


Haemoglobin A Haemoglobin B 
8.E. of 4 8.E. of 

K, estimate RK, estimate 
0-153 + 0-003 0-113 +0-011 
0-163 + 0-008 0-123 +0-001 
0-174 + 0-004 0-124 +0-018 
0-166* +0-011 0-134 +0-014 

0-177* +0-014 

0-167 0-1235 


* Separate blood samples from one individual. 


p* cannot be neglected. No correction has been applied, as both haemo- 
globins should be affected to a similar extent. Two measurements on 


haemoglobin from one animal but from blood drawn on two different 


occasions agree within the experimental error. The results reveal a signi- 


_ ficant difference between the haemoglobins. Haemoglobin A has an affinity 


for oxygen which is about 30% higher than that of haemoglobin B under 
these conditions. 

Measurements on the carbon monoxide equilibrium curve of a similar 
number of haemoglobin samples in the 99-0-99-5 % saturation range show 
that haemoglobin A has also a higher affinity than haemoglobin B for 
this ligand. All the experimental points determined are shown in Fig. 1. 
The accuracy achieved was not as high as that achieved by Roughton 


. (1954), but it is sufficient to show a definite difference in affinity. 


Because of this lower accuracy, the mathematical procedure described 


_ by Roughton (1954) for determining the value of L, could not be applied to 


every haemoglobin studied. Typical values of L, appear to be 560 (mm Hg) 
for haemoglobin A and 340 (mm Hg)-! for haemoglobin B. 

Values of M determined for the same haemoglobin samples are shown 
in Table 2. The average disagreement between duplicate determinations 
was less than 2%. No difference is apparent between the haemoglobins 
in this respect. Two samples of haemoglobin B from one animal gave values 
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of M differing by several times the experimental error on different occa- 
sions. The cause of this difference is not known. The range of values found 
was similar to that found by Roughton (1954). 

It may be inferred from the value of M and from the results on the 
carbon monoxide equilibrium that haemoglobin A will have a higher 
affinity for oxygen than haemoglobin B. Typical values of K, are 2-2 and 
1-4 (mm Hg)-, respectively. 


100 
99-6 
2 
> * 
Oo 
32 
A 
99:2 + 9° 
98:8 
0 0-04 0-08 0-12 016 018 


Carbon monoxide pressure (mm Hg) 
Fig. 1. Determinations on CO equilibrium curves of two sheep haemoglobins; 19° C, 
pH 9-1. Haemoglobin A haemoglobin B 
TaBLE 2. Values of M for two sheep haemoglobins; pH 9-1, 19-0° C 
| Haemoglobin A Haemoglobin B 


263 260* 
260 224* 
242. 258 
, 252 231 
Mean 254-2412 243°2+19 


* Separate blood samples from one individual. 


Kinetic studies 
Values of k, were determined at pH 9-1 and 20°C for six samples of 
haemoglobin A, three of these coming from one animal, and for five 
samples of haemoglobin, B, two being from one animal. The values are 
set out in Table 3. The difference between the haemoglobins is highly 
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significant and is sufficient to produce the difference in affinity for oxygen 
already noted. The agreement between the three observations on the 
haemoglobin from one Type A sheep is satisfactory. The difference between 
the two values for the Type B animal is rather larger than experimental 
error. 


TaBieE 3. Values of k, (sec) for two sheep haemoglobins; pH 9-1, 20° C 


Haemoglobin A Haemoglobin B 

38-1* 54-2 
39-1* 55-9* 
39-4* 60-8* 
42-4 57-0 

42-7 57-0 

41-8 

Mean 40-6 57 


* Separate blood samples from one individual. 


TABLE 4, Values of J, (sec-*) for two sheep haemoglobins, pH 9-1, 20° C 


Haemoglobin A Haemoglobin B 
0-0386 +0-0013 | 0-0459 +0-0018 
0-0341 +0-0012 0-:0416 +0-0014 
0-0332 +0-0025 0-0443 + 0-0029 
0-0351 + 0-0022 0-0455 +0-0011 
Mean 0-0355 0-0443 


s.D. of observations about mean. 


TABLE 5. Values of sec~) for two sheep haemoglobins, pH 9-1, 20°C 
Haemoglobin A Haemoglobin B 


876* 774 
857* 815 
815* 835 
905 859 
824 
830 

Mean 853 820 


* Separate blood samples from one individual. 


l, was determined for four samples of each type of haemoglobin under 
the same conditions as k,. The means of at least five determinations on 
each sample are shown in Table 4, with estimates of the standard deviation 
of these determinations about the mean. A difference between the haemo- 
globins similar to that observed in the case of k, may be seen. 

Estimates of I; at 20° C and pH 9-1 for six samples of haemoglobin A 
and four samples of haemoglobin B are shown in Table 5. These figures are 
the means of two determinations for each haemoglobin made with the 
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same solution of reduced haemoglobin but with different concentrations of 
carbon monoxide. The average difference — of sign between these 
duplicate determinations was about 8°. The two haemoglobins do not 
appear to differ significantly in this constant. 


DISCUSSION 


The results set out in the previous section show that haemoglobin A 
has an affinity for oxygen in the upper and lower ranges of saturation which 
is about 30-50 % higher than that of haemoglobin B. This is in agreement 
with the finding of Huisman, van Vliet & Sebens (1958) over the middle 
range of saturation. It is not certain that the equilibrium curve of one 
haemoglobin could be made to coincide with that of the other by merely 
altering the scale of the pressure axis. The difference in affinity may be 
more pronounced at high saturations than at low. 

The dissociation constants appear to be responsible for the major part 
of this difference in affinities. The values of k, observed can explain the 
differing affinities at high saturation. Evidence on the situation at low 
saturation has come from some preliminary measurements made, in col- 
laboration with Roughton, on k, for each haemoglobin by the method 
described by Gibson & Roughton (1958). Similar values of this constant 
were obtained for each haemoglobin. The finding of different values of 
K, for each haemoglobin must be due to differences in k,. 

The rate of dissociation of ligands from haemoglobin-ligand compounds 
has been shown by Gibson & Roughton (19576) in many cases to depend 
on the activation energy of this process. A difference in activation energy 
of 250 cal would be sufficient to account for the values of k, observed. 
Techniques capable of higher accuracy than those at present available 
would be necessary to test this experimentally. The interpretation of this 
and other differences in reactivity of the haem groups in terms of differences 
in their protein environment must await further knowledge on the struc- 
ture of these haemoglobins. 

The difference in affinity shown by these haemoglobins for oxygen is 
paralleled by a similar difference in affinity for carbon monoxide. No 
method has been developed to determine the carbon monoxide equilibrium 
curve at low saturations but it seems likely that the difference between 
the haemoglobins in their affinity for this gas demonstrated at high 
saturations should extend over the whole range of saturation. Again all 
the available evidence lays the responsibility on the rate constants of the 
dissociation reactions. 

It is possible in some cases to use the results of this investigation to 
determine the probable nature of haemoglobin samples used in previous 
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researches before the two types of sheep haemoglobin were discovered. | 
Roughton e¢ al. (1955) have published values of K,, K,, K, and K, for 
four samples of sheep haemoglobin. Comparison of equilibrium curves 
calculated from these constants with experimental results obtained in 
this investigation show that three of the four haemoglobin samples they 
studied were of haemoglobin B, while the fourth (Sheep D), was either a 
mixture of haemoglobins A and B or haemoglobin A alone. This conclusion 
is consistent with what is known of the origin of these haemoglobin 
samples, blood from sheep being slaughtered at Cambridge abattoirs. 
In the experience of the author, the majority of such animals are Type B. 
This would be expected from the known breeds of these animals (Border 
Leicester and Suffolk Down) and from information given by Evans, Harris 
& Warren (1958) on the distribution of these haemoglobins in British 
breeds of sheep. The majority of animals in these breeds are Type B. 
The findings of Roughton et al. (1955) must, therefore, escape to a large 
extent any criticism based on possible non-homogeneity of the haemoglobin 
samples used. 

The same conclusion may be reached concerning the work by Gibson 
& Roughton (1957a) on the combination of carbon monoxide with haemo- 
globin. Since the haemoglobins react at the same rate it is not possible to 
determine the nature of the haemoglobin samples studied by these workers, 
but for the same reason no serious discrepancies should have arisen even if 
mixed haemoglobin samples were used 

Because the difference between the haemoglobins is not large, most bee 
investigations on the kinetics of haemoglobin reactions which have been 
carried out would have been unaffected in their main conclusions, even if 
mixed haemoglobin samples had been employed. Nevertheless, for future 
research it would seem advisable to study haemoglobins of known type. — 


SUMMARY 


1. The two electrophoretically distinct haemoglobins which occur in 
adult sheep have been compared in some of their reactions with oxygen 
and carbon monoxide at pH 9-1. 

2. Equilibrium measurements show that the haemoglobin which is fast- 
moving on electrophoresis at pH 8-6, haemoglobin A, has an affinity for 
oxygen and for carbon monoxide 30-50 %, higher than that of haemoglobin 
B 


3. Measurements on the rates of dissociation of the oxygen and carbon 
monoxide compounds of each haemoglobin show that the difference in 
affinities is mainly due to a difference in the dissociation rates of these 
compounds. 
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4. This is confirmed by measurements on the combination rate of 
carbon monoxide with haemoglobin. No significant difference between 
the haemoglobins appears in this respect. 

5. The effect of these findings on the validity of previous kinetic and 
equilibrium studies is considered. os 

I am indebted to Dr A. D. Bangham and his technical staff at the A.R.C. Institute of 
Animal Physiology, Babraham, for providing samples of sheep blood. My thanks are due 


to the County Armagh Education Committee and the Northern Ireland Ministry of Educa- 
tion for grants. I am especially grateful to Professor F. J. W. Roughton, F.R.S., for valuable 


advice and encouragement during the conduct of the research described in this paper. 
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By G. GORDON anp W. A. SEED* 
From the University Laboratory of Physiology, Oxford 


(Received 7 November 1960) 


It can be assumed that the dorsal column nuclei and medial lemniscus 
provide an orderly system of topographical projections through which 
information from the whole body surface reaches the thalamus. A particular 
part of the body is ‘represented’, throughout the long axis of nucleus 
gracilis, by a rostral section whose cells have large receptive areas, a 
middle section with small receptive areas and considerable mutual inhibi- 
tion, and a caudal section with intermediate receptive areas (Gordon & 
Paine, 1960). These sections differ functionally ; and we felt that an investi- 
gation of their projections, in the lemniscus and elsewhere, would help one 
to understand the meaning of this arrangement. It would also help to 
show in what form the thalamus receives its information. 

Antidromic stimulation is a useful means of studying projections (see, 
e.g. Lundberg & Oscarsson, 1959), and its analytical value in studying the 
organization of nucleus cuneatus has been shown by Amassian & de Vito 
(1957). In this paper we describe antidromic excitation from the medial 
lemniscus and cerebellum: a brief description of the results was given 
earlier (Gordon & Seed, 1960). 


METHODS 


All the experiments were done with cats anaesthetized with sodium pentobarbitone. 
External records were made from single cells in nucleus gracilis with glass micropipettes, 
filled with 3 m-KCl and with a resistance at 50 c/s of 3-5-7 MQ. The techniques for exposing 
the nucleus, for holding the animals and for inserting the electrodes, have been described in 
detail in @ previous paper (Gordon & Paine, 1960). 

Orthodromic stimulation 

The size and distribution of the peripheral receptive area of each cell which responded to 
tactile stimulation of the skin was investigated by moving hairs with a glass rod or touching 
bare skin (e.g. the pads of the foot) with a camel-hair brush. When accurate timing of a 
tactile stimulus was needed, the electro-mechanical transducers described by Gordon & 
Paine (1960) were used. 

Antidromic stimulation 

In all experiments attempts were made to activate individual cells in nucleus gracilis 
antidromically by stimulating electrically at sites to which their axons might project (either 
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the medial lemniscus or the anterior lobe of the cerebellum). Stimuli could be applied singly, 
in pairs, or in brief high-frequency trains. They were square pulses of 60 ysec duration, 
isolated from earth by transformer coupling. 

Medial lemniscus. Stimuli were applied through buried electrodes. The electrode holder 
consisted of five parallel stainless-steel tubes, 23mm long and spaced 1:25 mm apart, 
clamped between two suitably grooved Perspex plates. The tubes, which were used as 
guides, had an internal bore just allowing passage of an insulated steel needle of about 
0-6 mm diameter. A number of these needles were prepared before each experiment: they 
were adjusted by attaching ‘stops’ of solder near the eye, so that when the needles were 
pushed home into the guides some 28 mm of shaft projected beyond the lower end of the 
guides and their tips were level. The electrodes used for stimulation were insulated with 
varnish except for about 1 mm at the tip, the diameter of this terminal millimetre being 
about 0-15—-0-2 mm. 

A preliminary exploration was always made with a recording electrode inserted in the 
centre tube of the electrode holder. This electrode was a steel needle similar to those 
described above, but insulated up to its tip and more finely tapered: the resistance of such 
electrodes in Ringer’s solution was 20-30 kQ. The electrode was inserted by a manipulator 
aligned on Horsley—Clarke co-ordinates into the probable position of the medial lemniscus at 
the caudal end of the thalamus. Brushing sounds heard in the loudspeaker on tactile stimu- 
lation of the contralateral hind limb were a guide to the position of the lemniscus. In frontal 
planes 4-5 the most satisfactory responses were usually found 5-7 mm from the mid line 
and 17-20 mm deep to the cortical surface. When this position had been found, the recording 
electrode was removed, and stimulating electrodes were inserted into the guides of the 
electrode holder. In early experiments one stimulating electrode was placed on either side 
of the recording site (electrode separation 2-5 mm). In later experiments five stimulating 
electrodes were inserted in a transverse row, the middle one through the guide previously 
occupied by the recording electrode (electrode separation 1-25 mm). Some needles fitted 
rather loosely in the guides, so that their tips did not always have the equidistant spacing 
of the guides themselves: this accounts for irregularities in the spacing of the tracks in 
Text-fig. 3a, and also for electrode 3 in this figure not coinciding transversely with the 
position of the recording electrode. A system was available whereby stimuli could be applied 
between any two adjacent electrodes, with reversible polarity. The positions of the electrodes 
were afterwards found histologically. 

Cerebellum. In this preliminary investigation the only region explored by stimulation was 
a small area of the cortex of the anterior lobe. This area corresponded to the region in which 
Adrian (1943) and Snider & Stowell (1944) found responses to tactile stimulation of the 
hind limbs. | 

The occipital pole of the cerebral hemisphere was removed by suction, and the anterior 
lobe of the cerebellum exposed by nibbling away part of the bony tentorium cerebelli with 
bone forceps. After opening the cerebellar dura it was usually possible to see the lateral part 
of the first seven or eight folia of the anterior lobe. The wound was then filled with warm 
paraffin. | 

The cortex was stimulated through a pair of silver-ball electrodes about 3 mm apart, 
placed on the surface of the 6th and 7th folia. The site from which responses could be 
obtained at lowest threshold was found by making small adjustments of position. 

Measurement and notation. The positions of responses in the rostrocaudal dimension of 
nucleus gracilis are given on a scale of millimetres, zero being the rostral border of the 
nucleus (see Gordon & Paine, 1960). 


RESULTS 


All our observations from nucleus gracilis were of single neural units; 
and we propose, for reasons given before (Gordon & Paine, 1960), to refer 
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to these responding units as cells. We have confined ourselves here to cells 
with cutaneous receptive areas wholly or partially upon the hind foot, 
below the ankle. Nucleus gracilis may be divided, from the point of view 
of the receptive areas of its ceils; into three sections; and we shall refer 
throughout to the following mean figures for the receptive areas of the 
cells in the different sections: rostra] section (0-4 mm) 58-9 sx. + 8-7 cm? 
(n = 115); middle section (4-7 mm) 4-6 + 0-98 cm? (130); and caudal sec- 
tion (7-12 mm) 15-0 + 3-2 em? (94). The difference between these figures 
and those given by Gordon & Paine (1960) depends only on a different 
method of expression of the same data. 


The cutaneous receptive areas of ceils in nucleus gracilis are distributed over a very wide 
range, the ratio between the largest and the smallest being approximately 1:1000. It was 
convenient to classify these receptive areas into groups with limits successively doubling 
(0-5-1 em’, 1-2 cm*, 2-4 cm*, etc.). Areas measured during experiments are necessarily 
approximate, and such a method of grouping covers the range satisfactorily. The best way 
of presenting these data would be in the form of 12 histograms, expressing the distribution 
of receptive areas in each of the 12 1-mm steps along the nucleus. Text-fig. 1 of Gordon & 
Paine (1960) presents the data in a very compressed form, using mean figures for receptive 
area in each 1-mm step which are geometric means, giving less weight to individual observa- 
tions of large receptive area. This figure expresses the general situation conveniently; but 
arithmetic means would give better values for the mean receptive areas. The figures given 
above are therefore derived from arithmetic means, using the convention that all areas in 
the group 0-5-1 cm* were 0-75 cm’, all in the group 1-2 cm? were 1-5 cm’, etc. 


Interpretation of responses to lemniscal and 
cerebellar stimulation 


Antidromic excitation. The great majority of responses formed a group 
with properties which strongly suggested that they resulted from anti- 
dromic excitation. In this case a single shock to the lemniscus or cere- 
bellum evoked a response consisting of only one spike (Text-fig. 1a). The 
threshold for this spike was constant; and its latency varied by no more 
than 3%, without any relation to the strength of the shock. In the popula- 
tion fired in this way by lemniscal stimulation, the latencies were distri- 
buted between 0-86 and 2-85 msec, 75% lying between 1 and 2 msec. In 
the population fired by cerebellar stimulation, latencies lay between 1-0 
and 1-9 msec. 

The period of unresponsiveness following a spike was tested by pairs of 
shocks, the second following the first at progressively shorter intervals, 
with both shocks at twice threshold strength (Text-fig. 1b and c). The 
earliest response to a second shock occurred with shock intervals ranging 
between 0-4 and 0-9 msec in the population studied. In the response to a 
brief high-frequency train of shocks (Text-fig. 1d and e) the stimulus fre- 
quency was followed accurately, for the first five shocks, up to maxima 
between 670 and 1320 shocks/sec, with a mean maximum frequency for 
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the population of about 900/sec. It is unlikely that responses with pro- 
perties of this kind are mediated synaptically. There is no definite upper 
limit to the frequency which can be followed in a synaptic system; but 
the highest we have seen recorded was 640/sec, in a spinal interneurone 
excited monosynaptically (Eccles, Fatt & Landgren, 1956). All our maxima 
are higher than this; and Amassian & de Vito (1957) give 380/sec as the 
maximum frequency followed by comparable cells in nucleus cuneatus in 
response to synaptic excitation through the dorsal columns. 


1 mV 


Text-fig. 1. Antidromic responses of a cell in the rostral section of nucleus gracilis 
to lemniscal stimulation. Threshold was 0-6 V, and all records were made with 
twice-threshold shocks. (a) response to a single shock, latency 1-0 msec; (b) and (c) 
responses to pairs of shocks set at a critical interval giving two responses in approx. 
50 % of observations, interval 0-4 msec; (d) and (e) responses to trains of shocks at 
1220/sec and 1490/sec respectively. Time markers at 1 and 10 msec intervals appear 
on the upper trace of each record, projecting downwards: the upward-projecting 
marks on the same traces signal the stimuli. 


Trans-synaptic excitation. A minority of our responses failed to satisfy 
any of the criteria of antidromic conduction which have just been given, 
and we have assumed that these responses were mediated synaptically. 
The responses were of longer latency, falling between 3-3 and 22 msec; and 
latency usually shortened with increasing strength of shock. The response 
to a single shock was sometimes repetitive. The period of unresponsiveness 
after a single shock, measured in the same way as before, was 1-5—4°5 msec ; 
and frequency-following was poor, the highest recorded being 540/sec, 
with the rest considerably lower than this. Trans-synaptic responses were 
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seen with lemniscal but not with cerebellar stimulation, and their thres- ' 
holds were comparable with those of antidromic responses from the 
lemniscus in the same experiment. | 


Evidence establishing that responses can be attributed to 
stimulation of the medial lemniscus 


The anatomical complexities of the thalamus and mid-brain make it 
specially important to identify both the position occupied by stimulating 
electrodes inserted here and also if possible the particular structures whose 
stimulation gave rise to the responses that were seen. In this case we were 
able to show that the points from which responses were elicited at lowest 
threshold were grouped together in a circumscribed region corresponding 
closely to the known position of the medial lemniscus. 

In experiments conducted specially for this purpose a transverse row of 
five stimulating electrodes was inserted in the caudal thalamus. It was 
reasonable to suppose that the lemniscus lay at about the centre of this 
row and at about the same depth as the tips of the electrodes (see Methods). 
For each cell which responded antidromically in the contralateral nucleus 
gracilis, the threshold for stimulation was found between each adjacent 
pair of electrodes in turn, giving a set of four readings from which a graph 
was constructed (see Text-fig. 2a). Reversal of the polarity of the stimulus — 
allowed another set of four readings to be made, giving another curve with 
its minimum slightly displaced to one side following the slightly changed 
distribution of cathodal currents. All the complete curves were strikingly 
uniform, threshold rising approximately exponentially from its minimum 
with distance, and being rather more than doubled 1 mm away. A similar 
relationship probably exists when the spatial co-ordinate is vertical; but 
in. our case such measurements could only be made by moving the elec- 
trodes more deeply or superficially through the brain, with some con- 
sequent drag on the whole tissue. The curve in Text-fig. 2b was obtained 
by withdrawing the electrodes in measured steps, using the pairs of 
electrodes giving the lowest threshold in the transverse plane. 

The sets of threshold readings from one such experiment, with a trans- 
verse row of electrodes, are given in Table 1. The reading representing the 
lowest measured threshold in each set is marked with an asterisk, and it 
will be seen that most of these minimum readings are related to electrode 3, 
and the remainder to electrode 4, as cathode. Plate 1 shows a photomicro- 
graph of a section of the brain of this animal, cut in the plane of the 
stimulating electrodes; and Text-fig. 3a is a tracing of this photograph 
showing the positions of the electrodes, numbered as they are in Table 1. 
Text-fig. 36 is a figure re-drawn from Ranson & Ingram (1932), showing 


the position and size of the degenerated medial lemniscus at this level. It 
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is clear from these figures that the area of tissue which lies between the two 
minimum-threshold electrodes must include, and is probably identical 
with, the medial lemniscus. | 

This localization and grouping of minimal-threshold points was found in 
all our later experiments in which a transverse grid of electrodes was used, 


Stimulus volts at threshold 


—>Deeper 
1 mm intervals 
Text-fig. 2. Graphs showing the change in threshold for the antidromic response of 


a single cell in nucleus gracilis, occurring with change of stimulus position in the 
caudal thalamus. 


(a) Threshold changes with alterations of transverse position. The abscissal — 


positions of the four points give the transverse spacing of the four electrodes used 
successively as cathodes. 


(6) Threshold changes for another cell with alteration of vertical position. The 
electrodes were withdrawn in steps from the lowest-threshold point. 


and from these experiments some 35 °% of our experimental results were 
obtained. Histological evidence from almost all the earlier experiments in 
which responses resulted from stimulating this region showed that the 
single pair of electrodes embraced the probable position of the lemniscus 
with much the same precision. In one experiment where the thresholds 
were of the order of 15-20 V, the electrode tips were afterwards found to 


— Aan iit - 


ha 
ter 
3 gi’ 
a 18 
4 
sé. 
30 in: 
be 
\ 
| 


ANTIDROMIC EXCITATION OF NUCLEUS GRACILIS 595 


have been about 1 mm too superficial. As we developed experience of this 
technique and learned to adjust the depth of the electrodes to a position 
giving uniformly low thresholds, the proportion of cells in nucleus gracilis 
which could be fired antidromically increased slightly but significantly. It 

is of some interest that such small adjustments of depth, combined with 
selection of the appropriate electrodes when a row of these had been 
inserted, always lowered the threshold for an individual cell to values 
between 0-6 and 1-0 V with the stimulating pulses and conditions described. 


_ Taste 1. Thresholds (V) for antidromic excitation of cells in nucleus gracilis by 
lemniscal stimulation, related to the transverse position of the stimulating cathode 


Anode medial 
No. of electrode used as cathode (M) 
Cell A or lateral (L) 
no. 1 2 3 4 5 to cathode 
1 9-2 5-2 33-6 M 
24-9 5-5 2-2* 20-0 —_ L 
2 14-0 2-7 M 
33-9 6-4 1-1* 2-3 — L 
32-9 6-4* 8-9 15-6 M 
46-7 24-4 3-2* 8-7 — 
4 = 14-0 4-4 3-0* 48 M 
5 8-2 18t 1-8f — M 
31-4 3-8 0-7 L 
6 — 19-3 4:8 2-7t M 
45-0 15-0 — L 


The numbers given to the electrodes (1-5) correspond to those in Text-fig. 3(a), which 
deals with the same experiment. All cells for which such data were obtained in this experi- 
ment are included. Incomplete or missing series are due to the loss of the cell through 
damage. * indicates the lowest-threshold point in series where a minimum was established. 
+ indicates the lowest-threshold point in incomplete series: these values are so low that they 
must be at or very near the true minimum. 


Distribution of antidromic and trans-synaptic 
responses in nucleus gracilis 
We have tried as far as possible to examine the responses of cells over 
the whole of the rostral 12 mm of nucleus gracilis, within which functional 
differentiation has been shown by Gordon & Paine (1960). Particular 
attention was given to antidromic excitation from the contralateral medial 
lemniscus. The results of this investigation are summarized in Text-fig. 4. 
Antidromic lemniscal responses. It was found that cells in all parts of 
nucleus gracilis could be fired antidromically from the contralateral lemnis- 
cus. No such responses were seen in a limited search in the nucleus of the 
other side (i.e. ipsilateral with respect to the lemniscal electrodes), and it 
may be assumed that ipsilateral projections are sparse or absent. The © 


great majority of cells in the middle section of the nucleus (between 4 and 
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7 mm from the rostral end) were fired. Of all the cells studied here, 83%, 
were fired (see Text-fig. 4a); but with the slightly improved technique of 
the later experiments this figure increased to 93% (of 45 cells). The 
percentage from these later experiments is stressed here and elsewhere 
because of this improved technique. The cells in this part of the nucleus 


2mm 

Text-fig. 3. (a) Diagrammatic tracing of a transverse section of brain, showing the 
positions occupied by the stimulating electrodes in the experiment illustrated by 
Text-fig. 2, Plate 1 and Table 1, and discussed in the text. The electrodes are shown 
as interrupted lines, with a solid line at the tip of each showing the position and 
length of the non-insulated part. The tip of the arrow shows the position from which 
lemniscal responses were recorded in this experiment. Evidence from adjacent — 
serial sections was taken into account in establishing the position of the olectrode 
tips. (b) Figure showing the position of the degenerated medial lemniscus (the 
densely dotted region in the centre of the figure) at about the same antero posterior 
position as in (a). Redrawn from Fig. 1 (Plate 1), Ranson & Ingram (1932), with 
permission. c.p., cerebral peduncle; |.g.n., lateral geniculate nucleus; m.g.n., medial 
geniculate nucleus; n. ITI, oculomotor nerve; p.c., posterior commissure; r.n., red 
nucleus; 8.c., superior colliculus; sg.n., suprageniculate nucleus; s.n., substantia 
nigra. 


have uniformly small skin receptive areas (mean 4-5 cm?), and the mean 
receptive area for the cells fired antidromically did not differ significantly 
from this value. Our present evidence shows that almost all of them 
project rostrally in the contralateral lemniscal system. 

In the part of the caudal section of the nucleus which was investigated 
only 60% of cells were fired antidromically (see Text-fig. 4a). This figure 
_is derived from a sample of only 36 cells and is clearly not as valuable as 
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that for the middle section. The receptive area for these cells did not differ 
significantly from the mean figure of 14-3 cm? for cells in this section. 
In the rostral 4 mm of the nucleus 63% (of the whole population of 78 
cells) were fired antidromically from the lemniscus (see Text-fig. 4a). The 
mean receptive area of these cells did not differ significantly from the mean 
figure of 51-1 cm? for the rostral section. This part of the nucleus was 
extensively investigated with the better technique of the later experiments, 
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mm in rostro-caudal axis 


Text-fig. 4, Histograms showing the distribution of different classes of cell in 1 mm 
limits along the rostrocaudal axis of nucleus gracilis. (a) Comparison between cells 
fired antidromically from the medial lemniscus ({(]) and those not so fired (™). 
(b) Cells fired trans-synaptically from the medial lemniscus. (c) Cells fired anti- 
dromically from the anterior lobe of the cerebellum. 
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in which again only 63% (of 41) cells were fired, and we are therefore 
inclined to accept that a substantial group of these cells is not accessible to 
this form of stimulation. Presumably these cells either project in paths 
other than the lemniscus, or have axons ending in the nucleus itself. This 
conclusion gets some support from the remaining evidence given below. 

Trans-synaptic lemniscal responses. Responses to lemniscal stimulation 
which did not have the characteristics of antidromic excitation (see above) 
were studied intensively in a small number of experiments, The striking 
fact about these responses was that of the 12 cells that were satisfactorily 
_ investigated all but one were confined to the rostral section of the nucleus 
(see Text-fig. 4b); and in these experiments we were at particular pains to 
examine the rest of the nucleus under conditions in which these responses 
would have been found if they were present. There was no evidence of true 
antidromic excitation of any of the cells in addition to the trans-synaptic 
effect. The mean receptive area for the 12 cells in this group did not differ 
significantly from the mean for the whole population in this rostral section. 
The responses differed from the majority of the population, however, in the 
rather small size of their action potentials, which were always less than 
1 mV, compared with the usual range of 1-3 mV. 

We have already given reasons for believing that stimulation was in fact 
confined to the immediate neighbourhood of the medial lemniscus; and it 
seems very likely that trans-synaptic responses to such stimulation are 
brought about by collateral branches of lemniscal axons, within the 
nucleus, ending directly or through an interneurone on the cell observed. 
This view has already been expressed by Amassian & de Vito (1957) and 
by Gordon & Paine (1960). 

Antidromic cerebellar responses. Our attempts to excite cells in nucleus 
gracilis antidromically from the cerebellum were prompted by finding a 
substantial number of cells which could not be excited from the medial 
lemniscus. Responses to cutaneous stimulation have been recorded in 
various parts of the cerebellar cortex. Snider & Stowell (1944) found tactile 
responses to stimulating the ipsilateral hind foot on the anterior lobe, and 
from both hind feet on the paramedian lobule. No histological evidence 
seems to exist, however, for a direct pathavay between nucleus gracilis and 
any part of the cerebellum. 

Our stimulation was confined to the anterior lobe; and antidromic 
responses were found in 11 cells of nucleus gracilis in the small number of 
these experiments which we carried out. These responses were all recorded 
from the rostral 4 mm of the nucleus (Text-fig. 4c); and we could find no 
sign of cerebellar antidromic excitation in other parts of the nucleus in 
spite of intensive search. Ten of these cells were in the nucleus of the same 
side as the cerebellar stimulus, and one on the opposite side. Their mean 
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receptive area (110 cm?) was considerably higher than the mean for the 
whole population in this section (51 cm?); but the number of cells involved 
is too small to establish a significant difference. 

It is interesting that three of the cells fired antidromically from the 
ipsilateral cerebellum were also fired antidromically from the contralateral 
medial lemniscus. The only conclusion to be drawn from this is that some 
axons leaving the nucleus send branches to both these destinations. 

Cells responding to movement of joints. Gordon & Paine (1960) found that 
some 10%, of cells in nucleus gracilis responded to stimuli such as move- 
ment of joints or deep pressure. It may be of interest that, of all such cells 
found in the present investigation, none was fired antidromically from the 
contralateral medial lemniscus; but the number of cells was small and a 
more extensive investigation of this question is still necessary. 


DISCUSSION 


The main object of this investigation was to find whether all the three 
functional subdivisions of this nucleus described by Gordon & Paine (1960) 
project uniformly to the thalamus in the lemniscal system. Our results 
show clearly that they do not. The almost complete projection from the 
middle section establishes clearly that the information contained in a large 
population of cells with small receptive areas is made available to the 
thalamus. These cells, in common with the cells of other spatially dis- 
criminating systems, are subject to a process of mutual inhibition. 

In both rostral and caudal sections there were some 40.% of cells for 
which there was no evidence of thalamic projection. The number of cells 
observed in the caudal section was small and the percentage figure therefore 
tentative: we have no evidence suggesting the destination of the axons 
which did not project in the lemniscus. In the rostral section, however, 
there was definite evidence that some of the cells not projecting in the 
lemniscus did project to the ipsilateral anterior lobe of the cerebellum. 

We have interpreted the trans-synaptic responses to lemniscal stimula- 
tion which were seen in the rostral section as the result of excitation of cells 
by lemniscal axon collaterals. This is a reasonable interpretation in view 
of our own evidence and that of Amassian & de Vito (1957), and also the 
fact that Cajal (1909) described such collaterals in lemniscal fibres as they 
leave the cuneate nucleus. Cajal’s account of them is as follows: ‘(Le 
cylindre-axe)...émet quelques collatérales destinées aux cellules-sceurs de 
celle qui lui a donné naissance et se porte en direction antéro-externe;... 
enfin, il s’unit & d’autres de ses congénéres pour entrer dans la voie sensitive 
ou ruban de Reil médian’. If the cells on which these collaterals ended had 
projected in the lemniscus we should have seen an early antidromic re- 
sponse succeeded after several milliseconds by the trans-synaptic response, » 
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The fact that this did not happen suggests that these cells either projected 
by some other path, or that their axons ended in the nucleus itself. 
Beyond this point any argument about their connexions must be purely 
tentative, but interesting possibilities exist which deserve further investi- 
gation. If these cells were intrinsic (or ‘internuncial’) cells, and had 
excitatory endings on other cells in the nucleus, we might expect to record 
from some of the latter, which if they projected outside the nucleus should 
show both antidromic and trans-synaptic firing. Amassian & de Vito (1957) 
describe this dual response in cells of nucleus cuneatus, and one might 
equally expect to see it in nucleus gracilis. Such a system of excitatory 
intrinsic cells might provide the basis for the extensive convergence which 
is needed to explain the large receptive areas of many of the cells in the 
rostral section. The possibility remains that some proportion of cells fired 
trans-synaptically are inhibitory in function, isolated examples of inhibi- 
tion of cells in nucleus gracilis by lemniscal stimulation having been 
described (Gordon & Paine, 1960). 


SUMMARY 


1. Cells in nucleus gracilis which responded to tactile stimulation of the 
hind foot were investigated by giving electrical stimuli to the contralateral 
medial lemniscus and to the ipsilateral side of the anterior lobe of the cere- 
bellum. The technique for lemniscal stimulation and its anatomical control 
are described in some detail. 

2. Cells throughout the rostrocaudal axis of the nucleus were fired anti- 
dromically from the lemniscus. A high proportion of cells were fired in the 
middle section, where receptive areas are small (93 °/ of 45 cells in the best 
series of experiments, and 83% of the total cells). 60° (of 36) cells were 
fired in the caudal section. In the rostral section, where receptive areas are 
large; 63 % of 41 cells were fired in the best series, and 63 °% also of the total 
of 78 cells. 

3. Some cells in the rostral section (but not elsewhere) were fired anti- 
dromically from the anterior lobe of the cerebellum. 

4. Some cells, almost all in the rostral section, were fired trans-synapti- 
cally from the lemniscus, and the significance of these responses is discussed. 

5. It was concluded that almost all the cells in the middle section pro- 
ject in the contralateral lemniscus; but that a significant number in the 
rostral section either project elsewhere (to the cerebellum, for example), or 
have axons ending within the nucleus (intrinsic cells). It was not possible 
to reach such definite conclusions about the caudal section, where the 
sample was rather small. 


We should like to thank Mr E. H. Leach for the photomicrograph in Plate 1, and Miss 
Christine Court for the drawings in Fig. 3. 
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EXPLANATION OF PLATE 


PLATE 1 


Photomicrograph of the transverse section of brain from which Text-fig. 3(a) was traced. 
Four of the electrode tracks can be seen clearly. The most superficial part of the remaining 
one (the most medial, No. 1 of Text-fig. 3(a)) can just be seen: the deeper parts of this, and 
the track made by the recording electrode, were seen in adjacent sections. 50 »: Heiden- 
hain’s iron-haematoxylin. Scale = 2mm. 
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THE CONTRIBUTION OF THE BRONCHIAL CIRCULATION TO : 
THE VENOUS ADMIXTURE IN PULMONARY VENOUS BLOOD 
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There is general agreement that the oxygen tension (pO,) of the arterial 
blood is lower than that of the alveolar air; the difference is 5-10 mm Hg in 
man and 15-25 mm Hg in the dog (e.g. Haab, Piiper & Rahn, 1960). There 
are three factors which could be responsible for this difference: (1) a 
resistance to the diffusion of oxygen across the alveolar membrane, 
(2) uneven distribution of alveolar ventilation in relation to pulmonary 
blood flow in various parts of the lungs, and (3) the admixture of venous 
blood to arterialized blood which has left the pulmonary capillaries. With 
regard to the last factor, one potential source of venous blood is the 
bronchial circulation which drains blood into the pulmonary circulation 
via communicating channels between the two vascular beds. 


The bronchial arteries arise from the aortic arch and thoracic aorta and supply oxygenated 
blood to such structures in the lungs as the bronchial tree as far as the respiratory bronchioles, 
the pulmonary nerves and nerve ganglia, the lymph nodes and the interstitial lung substance 
(see Miller, 1947). In addition, they may also supply the alveoli in the proximal parts of the 
respiratory bronchioles, which project between the mesh of anastomosing bundles of 
bronchial muscle (Le Fort, 1858; Kiittner, 1878; Baltisberger, 1921; Miller, 1921). The 
blood from these structures may take one of two courses. Blood from the bronchial tree as 
far as the second-order bronchi drains by the bronchial veins into the right atrium, whereas 
blood from the remaining parts of the bronchial tree as far as the respiratory bronchioles 
reaches the left atrium via the bronchopulmonary veins, which join the pulmonary veins 
(Le Fort, 1858; Zuckerkandl, 1881; Berry, Brailsford & I. de B. Daly, 1931; Berry, 1934). 
These bronchopulmonary veins serve therefore as anastomotic channels between the 
bronchial and pulmonary vascular systems. A second group of such channels exists in the 
region of the respiratory bronchioles where the capillary beds of the two circulations 
anastomose (Kiittner, 1878; Miller, 1925). Morphological evidence suggests that in the dog 
these are the only groups of intrapulmonary anastomotic channels between the two circu- 
lations. In man, on the other hand, anastomoses exist at a pre-capillary level as well 
(Kiittner, 1878; Zuckerkandl, 1883; von Hayek, 1940, 1942; Verloop, 1948; Tobin, 1952). 


* Present address: Department of Physiology, St Bartholomew’s Hospital Medical 
College, London E.C. 1. 


a Present address: Pharmacological Institute, National Taiwan University, Taipei, 
ormosa, 
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The view has been held that venous admixture is due, at least in part, 
to venous blood from the bronchial circulation entering the pulmonary 
veins. Such a view implies that the venous blood from the bronchial 
circulation does not take up oxygen from the alveolar air before entering 
the pulmonary veins and that the functional communicating channels 
between the two circulations must, therefore, lie largely at a post-capillary 
level. It is somewhat surprising, however, that the venous nature of the 
bronchial blood has not hitherto been demonstrated. _ 

The present experiments were undertaken in an attempt to throw new 
light on this problem. In the first part of this paper evidence is presented 
which shows that in the dog the bronchial blood becomes venous in its 
passage through the lungs. Experiments have also been made to discover 
the site at which the bronchial venous blood joins the pulmonary circu- 
lation; these experiments are described in the second part of the paper. 
Some of our results have already been reported briefly elsewhere (Daly, 


Aviado & Lee, 1953). 
METHODS 


All the experiments were performed on dogs anaesthetized with morphine hydrochloride 
(2 mg/kg subcutaneously) and chloralose (70 mg/kg intravenously). A cannula was 
inserted in the trachea and the lungs were ventilated artificially by means of a Starling 
‘Ideal’ pump. Manuronate (Wyeth, 50 mg/kg) or heparin (Abbott Laboratories, Ltd., 
10 mg/kg) was used to render the blood incoagulable. : 

Bronchopulmonary blood-flow measurements in the entire dog. After opening the chest in 
the left fifth intercostal space, the pulmonary artery and vein to the left diaphragmatic lobe 
were ligated and plastic catheters inserted into their distal ends (Fig. 1). Sometimes the 
pulmonary vein was too short to cannulate conveniently, and in this case a catheter was put 
into each of its branches. The outflow ends of the catheters were held at the same horizontal 
level as the inserted ends. The outflowing blood from the two catheters was collected either 
in graduated cylinders and then returned via a cannulated femoral vein, or in syringes for 
analysis. In a few experiments the chest was subsequently closed, the pneumothorax 
reduced and spontaneous respiration restored. Systemic blood pressure was measured from 
a femoral artery by means of a mercury manometer. 

Separate perfusions of the bronchial and pulmonary vascular systems. The right lung of the 
experimental dog was isolated and perfused independently through the cannulated right 

_ bronchial artery and right.pulmonary artery from a donor dog. After bleeding the experi- 
mental dog to death, the following structures were ligated: left pulmonary artery and veins, 
left bronchus, superior and inferior venae cavae, azygos vein, the descending aorta immedi- 
ately above the diaphragm, the ascending aorta, the left subclavian and brachiocephalic 
arteries, and the oesophagus above the diaphragm and at the level of the aortic arch. A tape 
was tied tightly round the heart at the level of the atrioventricular groove. 

The details of the perfusion system age shown diagrammatically in Fig. 2. By means of a 
Dale-Schuster pump (P;), the right lung was perfused through the right pulmonary artery 
at @ constant blood volume inflow with venous blood from the right atrium of a donor dog. 
The right bronchial artery was perfused by a second pump (P,) at a constant pressure 
with arterial blood from a femoral artery of the donor animal. The connexions were such 
that the composition of the blood perfusing the bronchial circulation could be changed 
at will from oxygenated to venous by removing the clamp at X, on the tube connecting the 
inflow sides of the pumps P, and P, and applying it at X, (Fig. 2). 
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Cannulae were inserted into the left and right auricular appendages and the blood col- 
lected from each atrium was measured by means of graduated reservoirs (a and b) and a 
stopwatch. The left and right atrial pressures remained constant during the flow measure. 
ments. The blood was returned from reservoir (R,) to the donor dog by a third pump (P,). 
Bronchial arterial and pulmonary arterial pressures were measured by means of a mercury 
and a saline manometer respectively (m,, mg). 
The procedure adopted for making the isolated right lung preparation was such that 
perfusion of the pulmonary and bronchial circulations was started within 12 min of the heart 
stopping. This was achieved’ by passing threads round all the structures mentioned above 


and cannulating the left and right atria before bleeding the animal to death. 
Blood samples for subsequent analysis were drawn from the bronchial and pulmonary 


inflow tubes and from the left atrium. | 


| Fig. 1. Diagram showing the method for measurement of bronchopulmonary blood 
| ! flow. The pulmonary artery and vein to the left diaphragmatic lobe are ligated 
and catheters are inserted into their distal ends. Blood flow is measured in 
graduated tubes. The remaining lobes of the left lung and the whole of the right 
lung (not shown) are normal. Syringes are attached to the three-way taps at a 
and 6, and after turning the taps through 180° simultaneous blood samples are 
drawn from the ligated pulmonary artery and vein at a rate slightly slower than 
the rate of blood flow, thereby maintaining the vascular pressures in the lung lobe 
constant. 
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Donor dog 


Fig. 2. Diagram showing the method for perfusion of the isolated right lung 
‘through the pulmonary artery (PA) and bronchial artery (BA) simultaneously. 
The upper part of the diagram shows the bronchial tree, the pulmonary artery, 
pulmonary capillaries and pulmonary vein (PV), the bronchial artery supplying 
the bronchial tree as far as the respiratory bronchioles, the. venous drainage of 
the bronchial tree via the true bronchial veins (BV) and bronchopulmonary veins 
(BPV), and the capillary anastomosis between the pulmonary and bronchial 
vascular systems. The lower part of the diagram shows the arrangement for per- 
fusion of the lung. Venous blood from the right atrium (RA) of the donor dog is per- 
fused ‘through the pulmonary artery of the isolated right lung of the recipient 
animal by means of pump P,. Blood from the left and right atria of the isolated 
lung is returned to the reservoir R, via two graduated tubes a and 6, and thence 
back to a femoral artery of the donor dog by pump P3. The bronchial circulation is 
perfused by pump P, with oxygenated blood obtained from a small reservoir R, 
which is supplied from a femoral artery of the donor dog. The bronchial arterial 
pressure is controlled by the resistance r, the excess of blood passing through it 
being returned to the reservoir R;. The connecting tube joining the input sides of 
the pumps P, and P, is normally clamped at X,. The clamp is removed and 
applied at X, for perfusion of the bronchial circulation with venous blood instead 
of oxygenated blood. m, and m, are manometers measuring pulmonary and 


bronchial arterial pressures respectively. For details see text. 
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Blood analyses. The samples of blood were analysed in duplicate for oxygen and carbon 
dioxide contents by the manometric method of Van Slyke & Neill (1924). The values for 
duplicate samples agreed within 0-2 ml./100 ml. Haemoglobin was determined photo- 
metrically as cy th globin by the method of Drabkin & Austin (1935). Oxygen 
capacity was calculated from the haemoglobin concentration, on the assumption that | g 
haemoglobin combines with 1:34 ml. oxygen. 

The oxygen and carbon dioxide tensions of the blood were determined by the microtono- 
metric technique of Riley, Proemmel & Franke (1945) using a 10 ml. Roughton—Scholand 
syringe. The technical procedures were modified according to Lambertsen, Bunce, Drabkin 
& Schmidt (1952),. Determinations in duplicate were made at 37° C, within 2 hr of with- 
drawal of the blood specimens. 

Determination of lung tissue weight. The weight of wet tissue in the left diaphragmatic 
lung lobe was calculated as the difference between the total weight of the excised lobe and 
the weight of blood contained in the lobe, determined by the method of Aviado & Schmidt 
(1952). 


RESULTS 
Bronchopulmonary blood flow 

Entire dog. The insertion of plastic catheters into the distal ends of the 
ligated pulmonary artery and vein to the left diaphragmatic lung lobe 
allowed direct measurement of the volume of bronchial blood draining into 
the pulmonary vascular bed, hereafter called the bronchopulmonary blood. 
The results obtained in nineteen experiments are shown in Table 1. In six 
experiments (nos. 1-6), with open chest and under artificial respiration, 
the combined blood flows for the pulmonary artery and vein averaged 
4-4 ml./min (range 2-1—7-7 ml./min or 0-11—0-36 ml./min/kg body weight). 
There was no appreciable difference between the blood-flow values for 
these experiments and those obtained in three others in which the chest 
was closed and spontaneous respiration restored (Table 1, Expts. nos. 


17-19). It was found that, if one of the two catheters was clamped, the | 


blood flow through the remaining catheter increased, the final value being 
equal to the combined flows when both catheters were patent. In a further 
ten experiments (Table 1, Expts. nos. 7-16), the bronchopulmonary 
blood flow was measured in either the pulmonary artery or vein, the vessel 
not cannulated being ligated. The observed values for blood flow were 
similar to the combined pulmonary artery and vein flows obtained in 
Expts. nos. 1-6 (Table 1). The mean blood flow for the nineteen experi- 
ments is 4-8 ml./min. These results indicate that, in the lung lobe without 
its normal pulmonary blood flow, the total measured bronchopulmonary 
blood flow is the same whether it is collected from either the pulmonary 
artery, the pulmonary vein or both. It appears that the bronchopulmonary 


blood collected from one of the two pulmonary vessels can readily use the 


normal channels between them, presumably the pulmonary capillaries. 
It was found that raising the ends of the catheters up to 10 em above 
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the level of the pulmonary artery had no appreciable effect on the volume 
of blood flow. 

With regard to the partition of the bronchopulmonary blood flow 
between pulmonary artery and vein in the absence of a normal pulmonary 
circulation, it will be noted in Table 1 that, with the exception of one 
experiment (no. 6), about 60°, of the combined flow was collected from 


TaBLE 1. Values for bronchopulmonary blood flow obtained from the distal ends of the 


ligated pulmonary artery and vein for the left diaphragmatic lobe. PA = pulmonary 
artery; PV = pulmonary vein; L = ligated 


Blood flow Proportion of 
Dog Systemic - A . total flow (%) 
Expt. wt. B.P. PA PV PA+PV PA+PV ,- A ~ 
no. (kg) (mmHg) (ml./min) (ml./min) (ml./min) (ml./min/kg) . PA PV 
Open chest 
1 12°5 130 1-6 1-9 3°5 0-28 46 54 
2 13-0 130 0-6 2-1 2-7 0-21 22 78 
co 21-4 100 2-6 5-1 7:7 0-36 34 66 
4 19-1 100 0°5 16 2-1 0-11 24 76 
5 18-4 150 1-2 4-0 5-2 0-28 23 77 
6 13-9 150 3-1 1:8 4-9 0-35 63 37 
7 130 L 7°4 0-30 -- 
8 16-2 125 4-6 L 4-6 0-28 — _— 
9 16-8 110 2-8 L 2-8 O17 
10 15-9 115 4-0 L 4-0 0-25 
ll 134 115 2-4 L 2-4 0-18 — 
12 12-8 117 6-4 L 6-4 0-50 — — 
13 13-2 L 8-5 0-64 
14 12-3 3-0 L 3-0 0-24 
15 16-3 135 5-4 L 54 0-33 
16 19-1 117 5-2 L 5-2 0-27 ao — 
Closed chest 

17 16-1 90 1-5 2-6 0-25 37. 
18 18-6 120 3°5 4-7 8-2 0-43 43 57 
19 18-4 140 1-2 2-5 3:7 0-20 32 68 


the pulmonary vein. The exact reason for this is not known, but presum- 

_ ably the resistance to flow offered by the pulmonary venules and veins is 
less than the arterioles and arteries, and this may be due to the closer 
proximity of the bronchopulmonary veins to the pulmonary venous 
catheter. 

Perfused right lung preparation. Four experiments were carried out in 
which the pulmonary and bronchial circulations were simultaneously 
perfused. The bronchial arterial pressure varied in different experiments 
from 80 to 210 mm Hg and the pulmonary arterial pressure from 15 to 
24m saline. Blood flow from the left atrium was 86-306 ml./min and 
from the right atrium, 5-7-33-4 ml./min. Because the flow of blood through 
the pulmonary and bronchial vascular systems was under independent 
control, it was possible to elucidate their respective contributions to the 
volume of blood flow to the left and right atria. The contribution of the 
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bronchial arteries was determined by taking measurements of the left and 
right atrial outflows before, during and after interruption of flow through 
the bronchial circulation, produced by lowering the bronchial arterial 
pressure to zero, pulmonary arterial perfusion being continued throughout 
the test. The values for outflow during the second period with pulmonary 
perfusion only represents the contribution from the pulmonary artery. 
The results of eighteen tests in four experiments are shown in Table 2. 


TaBLE 2. Values for the distribution of bronchial arterial blood to the left and right atria in 
the isolated right lung preparation perfused simultaneously through the pulmonary artery 
with mixed venous blood and through the bronchial artery with oxygenated blood. 
PA = pulmonary artery; BA = bronchial artery 


Left atrial blood flow Distribution of 
— A — Right atrial bronchial arterial 
Contri- blood flow blood (%) 
Expt. wt. From PA From BA from BA — A . Toleft To right 


no. (kg) (ml/min) (ml/min) (%) From PA From BA atrium atrium 


22a 138 12 1-2 45 73 27 
129 9 6-5 2-7 59 40 
c 180 25 12 5-2 5-7 82 18 
d 190 35 1565 > (20 10-9 76 24 

2a «13-9 160 0 0 6-1 16-2 0 100 
b 159 5 3 10-2 20-9 19 gl 
C 159 3 2 13-0 20-4 13 87 
d 160 7 4 0 32-0 18 82 
e 80 6 7 

b 150 5 3 
d 118 9 7 
e 103 11 10 1-0 6-8 62 38 
f 101 ll 10 1-0 6-1 64 36 
g 100 5 5 3-0 4-6 52 48 
h 96 7 1 7-6 0 100 0 

28 13-0 300 6 2 


The volume of bronchial blood to the right lung only reaching the left 
atrium averaged 20-3, 4-2,.7-5 and 6-0 ml./min, in the four experiments 
respectively. This is equivalent to 10-5, 3-2, 6-2 and 2-0% of the total left 
atrial blood outflow. ; 

Two other points of interest may be noted from Table 2. First, a small 
proportion of the pulmonary arterial blood finds its way to the right 
atrium. A similar finding has been reported previously by I. de B. Daly & 
von Euler (1932). Secondly, in three experiments (nos. 22, 26 and 27) in 
which values are available for the distribution of the bronchial arterial 
blood, it was found that 72, 13 and 70% of the blood respectively drained 
into the left atrium, the remainder into the right atrium. These values arc 
subject to considerable variation because not all the bronchial arterial! 
blood passes through the lungs; in the present experiments some blood 
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undoubtedly passed through adjacent mediastinal structures, such as the 
oesophagus, and then found its way to the right atrium (Miller, 1947). This 
explanation may account for the comparatively high proportion of the 
bronchial blood reaching the right atrium in Expt. no. 26. 


Gaseous composition of bronchopulmonary blood 
The evidence obtained from experiments in which the bronchopul- 
monary blood flow was measured in the left diaphragmatic lobe of the 
entire animal suggested that in the absence of the normal pulmonary 
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Fig. 3. Oxygen saturation of the blood obtained simultaneously from the femoral 
(bronchial) artery (FA), and the distal ends of the ligated pulmonary artery (PA) 
and pulmonary vein (PV) to the left diaphragmatic lobe in dogs with open chest 
under artificial respiration (@) and with closed chest breathing spontaneously (QO). 
A, ventilation of both lungs with air; B, ventilation of left diaphragmatic lobe 
with 5% O, in N,, the remaining lobes of the lungs with air; C, ventilation of 
both lungs with 5 % O, in N,; D, systemic hypoxia produced by occlusion of the 
left upper and middle lobe bronchi, the remaining lobes of the lungs being venti- 
lated with air. 


arterial blood flow, the bronchial blood passed through the pulmonary 
capillaries before entering the collecting catheters in the lobar pulmonary 
artery and vein. Further experimental evidence consistent with this view 
was obtained as follows. : 

(1) The oxygen saturation of the blood obtained from the distal end of 
the ligated pulmonary artery and vein was almost identical with that in 


the femoral (bronchial) artery (Fig. 3.4). 
99 PHYSIO. CLV 
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(2) When the ventilating gas mixture to the left diaphragmatic lobe 
was changed from room air to 5% O, in N,, ventilation of the remaining 
lobes of the left lung and the whole of the right lung being continued with 
room air, the oxygen saturation of the blood leaving the ligated pulmonary 
artery and vein diminished in three experiments, in spite of the femoral 
(bronchial) arterial blood oxygen saturation being maintained above 90 °%,. 
The final steady-state values are shown in Fig. 3B. In these experiments 
the low-oxygen gas mixture was administered via a bronchospirometric 
tube inserted into the bronchus to the left diaphragmatic lobe. The position 
of the tube was checked post mortem. 

(3) When the ventilating gas mixture to all lobes of the lungs including 
the Jeft diaphragmatic lobe was changed from air to 5% O, in N,, the 
oxygen saturation of the blood in the femoral (bronchial) artery and in the 
ligated pulmonary artery and vein diminished. It will be seen in Fig. 3C, 
which summarizes the results, that the final oxygen saturation was not the 
same in all three vessels as it was when all lobes of the lung were ventilated 
with air; in all four observations made in three experiments it was lower 
in the femoral (bronchial) artery than in either the pulmonary artery or 
the pulmonary vein. These findings are not inconsistent with the view that 
in the absence of a normal pulmonary arterial blood flow the broncho- 
pulmonary blood passes through the alveolar capillaries. The higher 
values for oxygen saturation in the ligated pulmonary artery and vein may 
be explained by the fact that the alveoli in the left diaphragmatic lobe 
receiving only bronchial blood are over-ventilated relative to their blood 
flow. This view is supported by the results of direct determinations of the 
composition of alveolar air obtained from the left diaphragmatic lobe 

uring air breathing using the end-expiratory method. The mean values 


for five observations in three experiments were as follows: pO,, 142 mm Hg © 


(range 141-145 mm Hg), pCO,, 8 mm Hg (range 6-10 mm Hg). 

It will also be noted in Fig. 3C that the oxygen saturation of the pul- 
monary arterial blood was consistently higher than that in the pulmonary 
vein. One possible explanation for this is that a higher proportion of the 
blood obtained from the pulmonary artery compared to the vein passes 
through the capillary anastomosis and is exposed to the alveolar air, some 
of the blood collected from the pulmonary vein taking a course via the 
bronchopulmonary veins. Essentially similar results were obtained in 
experiments in which systemic hypoxia was produced in dogs ventilated 
with air by occlusion of the upper and middle lobe bronchi on the left side 
(Fig. 3D). 

By contrast, it is of interest that no appreciable difference between the 
_ oxygen contents of the pulmonary arterial and venous blood was observed 
during air breathing. This is probably due to the fact that the oxygen 
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saturation of the blood lay on the flat part of the oxygen-dissociation 
curve. 

Whereas these observations strongly suggest that, in the absence of a 
normal pulmonary arterial blood flow at least part of the bronchopul- 
monary blood passes through the pulmonary capillaries, they provide no 
evidence as to the composition of the bronchial blood before it enters these 
capillaries, in which it may undergo changes according to the tensions of 
oxygen and carbon dioxide prevailing in the alveoli. The aim of the experi- 
ments now to be described was to obtain information on the gaseous 
composition of bronchopulmonary blood unaltered by equilibration with 
alveolar air. | 

The experiments were carried out on entire dogs in which the broncho- 
pulmonary blood flow to the left diaphragmatic lobe was measured. Venti- 
lation of this lobe was suspended in the expiratory phase of respiration by 
inflating a small balloon in its bronchus. Exchange of oxygen and carbon 
dioxide in the alveoli with bronchial blood passing through the pulmonary 
capillaries continues until the pO, and pCO, of the alveolar gases equal 
those of the bronchial blood. When this has occurred, the bronchial blood 
on passing through the pulmonary capillaries will not undergo any further 
change, provided the flow and composition of the bronchial blood remains 
constant, and the metabolism of the lung tissue undergoes no change. In 
practice, bronchopulmonary blood was sampled at intervals until there 
was no further change in its composition. 

It was found that after occlusion of the left diaphragmatic lobar 
bronchus there was a gradual reduction in the oxygen content and increase 
in the carbon dioxide content of the blood sampled from the ligated pul- 
monary artery and vein. After 60-90 min a steady state was reached. 
Thus, whereas immediately before occlusion of the bronchus there was 
little difference between the oxygen content of the femoral (bronchial) 
arterial blood on the one hand and bronchopulmonary (pulmonary artery 
or vein) blood on the other (Fig. 3.4), an appreciable difference developed 
after 60-90 min occlusion of the lobar bronchus. The final values for oxygen 
and carbon dioxide contents of femoral (bronchial) arterial and corres- 
ponding bronchopulmonary blood are shown in Fig. 4 and are based on 
fourteen observations from seven experiments. The mean values for the 
oxygen content of the bronchial arterial and bronchopulmonary blood was 
15-3 ml./100 ml. (range 9-3—22-4) and 9-6 ml./100 ml. (range 2-5-20-4), cor- 
responding to. oxygen saturations of 86-6°% (range 75-99) and 50:2% 
(range 19-83) respectively. The mean oxygen and carbon dioxide dif- 
ferences between bronchial arterial blood and bronchopulmonary blood 
was 5-7 ml./100 ml. (range 2-0-8-9) and 2-8 ml./100 ml. (range 0-2-6-7) 
respectively. 
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If, after a period of 60-90 min of occlusion of the bronchus, ventilation 
of the diaphragmatic lobe was re-established, an immediate increase in the 
oxygen content and saturation of the bronchopulmonary blood took place. 


This was evident from the sudden change in colour of the blood in the 


catheters in the ligated pulmonary artery and vein, and from an analysis 
of the bronchopulmonary blood. 
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Fig. 4. The values for oxygen and carbon dioxide contents of bronchial arterial 
blood (@) and of bronchopulmonary blood (©) in seven experiments in which 
the left diaphragmatic lobar bronchus had been occluded for 60-90 min. The 
corresponding values obtained in two isolated right lung preparations perfused 
through the bronchial artery only are also shown (™—[}). 


These findings were confirmed in two experiments using the isolated 
right lung preparation perfused through the bronchial circulation only. 
After ventilation had been stopped for about 90 min, blood samples were 
drawn from the bronchial arterial tubing and from the left atrium. The 
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results of three observations are shown in Fig. 4. The mean values for the 
oxygen content of the bronchial arterial and left atrial blood was 13-2 ml./ 
100 ml. (range 12-3-14-4) and 11-0 ml./100 ml. (range 9-7—13-5), cor- 
responding to mean oxygen saturations of 96-7 %/, (range 96-97) and 79-7 » 4 
(range 74-90) respectively. 

These results indicate that the bronchial arterial blood becomes venous 
in nature on its passage through the pulmonary tissue. In the ventilated 
lung lobe without its normal pulmonary circulation, however, the bronchial 
venous blood becomes arterialized before collection in the catheters, 
through exposure to alveolar air containing a high pO, and a low pCO,. 


Functional anastomoses between the bronchial 
and pulmonary circulations 
Our finding that in the absence of the normal pulmonary circulation 
_ the bronchial venous blood passes through the pulmonary capillaries 
raises the question as to whether, under normal conditions of circulation 
through the lungs, the bronchial venous blood reaches the left atrium by 
the same route or alternatively joins the pulmonary circulation by way of 
the bronchopulmonary veins without traversing the pulmonary capillaries. 
The importance of establishing this point lies in the fact that the ad- 
mixture of bronchial venous blood will occur only if the bronchial blood 
joins the pulmonary circulation at a post-capillary level. Two types of 
experiment were therefore made on the isolated right lung preparation, 
perfused simultaneously through the pulmonary and bronchial arteries, _ 
with a view to gaining information on this point. 


(1) Temporary interruption of bronchial blood flow 

A. Perfusion of bronchial circulation with oxygenated blood. In four 
experiments the lung was ventilated with room air while perfusion of the 
pulmonary circulation was carried out with venous blood and of the 
bronchial circulation with oxygenated blood. It was found that tem- 
porary interruption of the bronchial circulation by reducing the bronchial 
arterial pressure to zero had no consistent effect on the oxygen and carbon 
dioxide contents of the left atrial blood (nine observations) (Fig. 5A). It 
is possible, however, that the size of the changes in left atrial blood oxygen 
content may be so small as to lie within the error of the method used. 
Two series of experiments were therefore carried out with a view to 
magnifying any changes in composition of the left atrial blood which 
might take place when the bronchial arterial pressure was reduced to 
Zero. 

B. Perfusion of bronchial circulation with venous blood. With the same 
preparation, with the exception that the bronchial circulation was perfused 
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with venous blood from the donor dog (Fig. 2) instead of with oxygenated 
blood, it was found in three experiments that reducing the bronchial 
arterial pressure to zero caused an increase in oxygen content and oxygen 
saturation of the left atrial blood in three out of six tests; in the remaining 
three tests there was no change within the limits of error of the method 
(Fig. 5.B). In two of these three tests which showed no alteration in oxygen 
saturation, values are available for the changes in oxygen tension deter- 
mined by the direct microtonometric method. It was found that the pO, 
of the left atrial blood increased by 11 and 6 mm Hg respectively. These 
results therefore suggest that, in the presence of a normal pulmonary 
circulation, most if not all the bronchopulmonary venous blood enters the 


pulmonary circulation at a post-capillary level and without traversing the | 


pulmonary capillaries. 
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Fig. 5, The oxygen and carbon dioxide contents of the left atrial blood before (@) 
and during (©) temporary interruption of the bronchial circulation, by reducing 
the bronchial arterial pressure to zero, in the isolated perfused right lung prepara- 
tion. Perfusion, of the pulmonary circulation’ with venous blood throughout. 
A, oxygenated) blood perfusion of the bronchial circulation; ventilation with 
room air. B, venous blood perfusion of the bronchial circulation; ventilation 
with room air. C, oxygenated blood perfusion of the bronchial circulation; 
ventilation with 5% O, in N,. 


C. Ventilation with 5% O, in N,. The findings in Section 1B are 
supported by experiments in which the bronchial circulation was perfused 
with oxygenated blood, but ventilation of the lung was carried out with 
a gas mixture containing 5% O, in N,; the pulmonary circulation was 
perfused with venous blood as above. In six tests in three experiments 
reducing the bronchial arterial pressure to zero resulted in a fall in both 
oxygen content and oxygen saturation of the left atrial blood; in one test, 
in a fourth experiment, no change occurred (Fig. 5C). The fall in oxygen 


saturation of the left atrial blood on reducing the bronchial arterial — 
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pressure to zero is to be expected, because in these experiments the 
bronchial arterial blood contains a higher oxygen saturation than pul- 
monary capillary blood exposed to 5% O, in N,. 


(2) Changing the composition of the bronchial arterial blood 
Further evidence that the bronchial circulation joins the pulmonary 
circulation without traversing the pulmonary capillaries in lungs with a 
normal flow of blood through the pulmonary circulation was obtained in 
four isolated right lung preparations ventilated with room air, in which the 
composition of the blood perfusing the bronchial circulation was changed 
. from oxygenated to venous blood. The results of six observations are 
shown in Fig. 6, from which it may be seen that substituting venous for 
oxygenated blood perfusion of the bronchial circulation invariably caused 
a reduction in oxygen content and saturation of the left atrial blood. 
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Fig. 6. The effect of changing the composition of the blood perfusing the bronchial 
circulation from oxygenated (@) to venous (©) blood, shown on the left, on the 
composition of the left atrial blood, shown on the right. 


Metabolism of lung tissue 

Information concerning the oxygen consumption of lung tissue in vivo 
was obtained in those experiments in which the bronchopulmonary blood 
flow in the left diaphragmatic lobe was measured after arrest of ventilation 
of the lobe for 60-90 min. As described in a previous section of this paper, 
under these conditions the bronchopulmonary blood is venous in nature 
owing to the uptake of oxygen by the lung tissue. Oxygen consumption 
was determined by the Fick principle from the measured bronchopul- 
} monary blood flow and the difference in oxygen content of the blood 
entering the lung lobe (femoral (bronchial) arterial blood) and the blood 
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leaving the lobe. The lobar pulmonary vein was ligated, and blood from 
the cannulated lobar pulmonary artery was used as representative of 
bronchopulmonary blood. The weight of lung tissue perfused was deter- 
mined as described in Methods. | 

The results of fifteen observations in seven experiments are summarized 
in Table 3. The mean oxygen consumption of lung tissue was 0-48 ml_./ 
100 g wet wt./min (range 0-13—0-84 ml./100 g/min). 


TaBLE 3. Determination of oxygen consumption of the left diaphragmatic lobe in vivo by 
application of the Fick principle. FA, femoral artery; PA, pulmonary artery, represent- 
ing bronchopulmonary blood 


Dog PA blood O, content (ml./100 ml.) ‘tissue sumption 

Expt. wt, flow c  wetwt. (ml./100 g/ 
no. (kg) (ml./min) FA PA Difference (g) min) 
2 16-2 2-5 14-8 8-3 6-5 26-4 0-62 
3a 13-4 25 9-3 3-8 5-5 23-9 0-58 
b 3-3 9-9 3-8 6-1 0-84 
c 2-3 10-6 8-1 0-78 
4a 16-8 1-9 13-9 5-9 8-0 26-2 0-58 
3-4 12-2 6-2 6-0 0-78 
c 3°5 11-7 6-6 5-1 0-68 
5a 12-3 2-0 21-1 18-1 3-0 28-6 0-21 
b | 1:3 22-0 18-2 0-18 
6 12-3 1-2 15-4 77 77 23-6 0-39 
7 “43-2 2-4 22-0 12-9 9-1 28-4 0-77 
9a 19-1 5-6 22:1 19-9 2+2 32-9 0-37 
b 3-8 22-0 20-8 1-2 0-14 
c 2-8. 22-7 20-8 1-9 0-16 
d — 2-2 22-4 20-4 2-0 — 0-13 

DISCUSSION 


The results of our experiments offer the first confirmation by physio- 
logical techniques of two important features of the bronchial circulation 


hitherto based on morphological studies. The first is that the bronchial | 


arterial blood becomes venous in nature before entering the pulmonary 
circulation, and the second is the identification of the site of the functional 
anastomoses between the bronchial and pulmonary vascular beds. The 
interrelationships of these findings and their bearing upon the problem of 
venous admixture will now be considered in more detail. 


Venous nature of bronchopulmonary blood 


This was demonstrated by arresting alveolar ventilation of a lobe which 
was supplied with blood through the bronchial arteries only. The degree 
of oxygen unsaturation averaged 50 °/, but varied considerably in different 
experiments, probably owing to differences in bronchopulmonary blood 
flow and in lung tissue metabolism. Variations in the bronchial blood flow 
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during the course of an experiment have been observed previously by 
Bruner & Schmidt (1947) and by Williams & Towbin (1955). 

With regard to oxygen consumption of lung tissue, our value of 0-13- 
0-84 ml./100 g wet wt./min is lower than that obtained previously by 
Evans (1912) and Evans & Starling (1913). They found in the heart—lung 
preparation that the oxygen consumption of lung tissue was equivalent to 
1 ml./g heart tissue/hr. ‘The corrected value is 1-7—2-1 ml./100 g wet lung 
tissue/min, assuming the lungs are 80-95% of the weight of the heart 
_ (Evans & Starling, 1913). The reason for this discrepancy is not at present 
clear. It may be the result of the difference in the way the lungs were 
__ perfused in the two sets of experiments. On the other hand, it should be 
mentioned that, in our own experiments, the bronchopulmonary blood may 
not be representative of either the total bronchial flow through the left 
_ diaphragmatic lobe or the oxygen content of venous blood from the lobe, 
because the fraction of bronchial blood draining the lung lobe via the true 
bronchial veins could not be measured or analysed. Although it is clear 
from the present results and those of Berry & I. de B. Daly (1931) that the 
' major part of the bronchial arterial blood drains into the pulmonary 
circulation, it is not possible to estimate the size of the error introduced 
in the determination of oxygen consumption by neglecting the bronchial 
vein blood. | 


Functional anastomoses between the bronchial 
and pulmonary circulations 

In experiments made on the left diaphragmatic lobe without its normal 
pulmonary arterial blood flow, it was demonstrated that there was a free 
interchange of bronchopulmonary blood between the ligated lobar pul- 
monary artery and vein and that the blood passed through pulmonary 
capillaries, although the possibility that some went by way of a network 
of bronchial capillaries lining respiratory alveoli projecting between the 
meshes of the muscle in the walls of the respiratory bronchioles cannot be 
excluded (see Introduction). Under these conditions blood from the 
bronchial circulation probably flows into the pulmonary circulation via 
capillary anastomoses between the two circulations which have been 
demonstrated in morphological studies on the lungs. An alternative path- 
way by which bronchial blood could enter the pulmonary circulation is 
through pre-capillary anastomoses between the two circulations. Evidence 
based on morphological studies suggests that in the lungs of the dog, in 
contrast to those of man, there are no such anastomoses with the exception 
of the vasa vasorum of the pulmonary arteries, which arise from the 
bronchial arteries. Our own experiments, however, do not shed any new 
light on this problem. 
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Under normal conditions of blood flow through the pulmonary circu- 
lation it is apparent that most of the bronchial blood entering the pul- 
monary circulation does so, not by way of capillary anastomoses, but by 
post-capillary communicating vessels which have been demonstrated 
anatomically by numerous workers (see Introduction). The evidence for 
this was obtained in the isolated right lung preparation and is presented 
in sections 1 B and C and 2 (pp. 613-615), The observed changes in composi- 
tion of the left atrial blood in response to evoked changes in the bronchial 
circulation must be due to part, at least, of the bronchial blood entering 
the pulmonary circulation at a level distal to the pulmonary capillaries. 
For if the bronchial blood passed solely through alveolar capillaries 
belonging to the pulmonary and bronchial vascular systems, no change in 
composition of the left atrial blood would be expected, because the broncho- 
pulmonary blood would be exposed to alveolar air. Estimates based on the 
quantity of bronchopulmonary blood reaching the left atrium in the iso- 
lated right lung preparation indicate that the observed changes in oxygen 
content of the left atrial blood brought about by either temporary inter- 


ruption of the bronchial blood flow, or changing the composition of the 


bronchial arterial blood from oxygenated to venous, can only be explained 


on the basis that all the bronchopulmonary blood reaching the left atrium — 


does so by entering the pulmonary veins directly and without first passing 
through alveolar capillaries. Owing to the potential sources of error in the 
methods used, however, the possibility that a small proportion of the 
bronchial blood reaches the pulmonary circulation through capillary 
anastomoses cannot be excluded. 

It should be mentioned that these conclusions are based on experiments 
in which the lungs were made hypoxic, either by perfusion of the bronchial 
circulation with venous blood or by ventilation of the lungs with a gas 
mixture of low oxygen content. They may be criticized, therefore, on the 
grounds that the state of the lung blood vessels was abnormal and the 
normal haemodynamic relationship between the two vascular systems was 
in some way modified. Indeed, in the absence of hypoxia it was found in 
the isolated right lung preparation ventilated with air that temporary 
interruption of the bronchial circulation perfused with oxygenated blood 
had no consistent effect on the oxygen content and saturation of the left 
atrial blood. This was confirmed in the entire animal, in which the pressure 
in the isolated segment of the thoracic aorta which gives rise to the majority 
of the bronchial arteries was under independent control (unpublished 
observations). In so far as these two latter types of experiment are con- 
cerned, we feel they do not militate against our general conclusions, for as 
the evidence presented below shows, the expected change in left atrial 
blood oxygen saturation falls within the experimental error of the analytical 
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method in our hands and no attempt has yet been made to demonstrate 
changes in left atrial blood oxygen tension under similar conditions by the 
_microtonometric method. On the other hand, the functional participation 
of bronchopulmonary post-capillary anastomoses was demonstrated by 
three different procedures (see sections 1B and C, and 2, pp. 613-615), 


and in view of the fact that similar results were obtained under such “ 


diverse conditions it seems unlikely that hypoxia was vitiating the results 
by causing some haemodynamic change common to all three types of 
experiment. 

Relationship to venous admixture 

Our finding that most if not all the bronchopulmonary blood enters the 
pulmonary circulation at a post-capillary level is of some importance with 
regard to the causes of the alveolar-arterial oxygen tension difference 
because, being venous in nature, it must contribute to lowering the pO, of 

‘the blood in the pulmonary veins. The extent to which this occurs depends 
on two factors, first the relative proportions of the volume flow of bronchial 
blood into the pulmonary circulation and the total pulmonary blood flow, 

- and secondly the oxygen saturation of the bronchial blood entering the 
_ pulmonary circulation, which in turn depends on the metabolic oe of 
the lung tissue. 

With regard to the whines of the bronchopulmonary blood flow, our 
mean value for the left diaphragmatic lobe is 4:8 ml./min. Using a similar 
technique, Williams & Towbin (1955) obtained a mean value of 6-5 ml./min. 
On the basis that this left diaphragmatic lobe constitutes 26-2°% of the 
total lung weight (Rahn & Ross, 1957), the total volume of broncho- 
pulmonary blood reaching the left atrium in our experiments is 18-3 ml./ 
min. If the average cardiac output of our dogs was 2-26 |./min, assuming a 
value of 0-138 1./min/kg body weight (Marshall, 1926), then the volume of 

bronchopulmonary “blood reaching the left atrium is 0-8°% of the cardiac. 
output. Similar calculations from data provided by Williams & Towbin 
(1955) indicate the value for the whole of the lungs to be 1-4% of the 
cardiac output. As is shown in Table 4A, these values obtained in the 
entire animal are in agreement with those obtained by other workers. 
When compared, however, with those obtained in isolated lung prepara- 
tions perfused simultaneously through the pulmonary and bronchial 
circulations, they are considerably lower (Table 4A, B). This apparent 
discrepancy between the values obtained in the entire animal on the one 
hand, and in isolated perfused lungs on the other, may be due, at least in 
part, to the pulmonary blood flow in the latter type of preparation being 
smaller than normal on a body-weight basis, in spite of the pulmonary 
perfusion pressure being maintained within the normal range. This expla- 
nation is supported by the values for pulmonary blood flow in the right 
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lung presented in Table 2, and by those obtained by Berry & I. de B. Daly 
1931). 
: been now to the contribution of the bronchial circulation to venous 
admixture: if for the purposes of calculation the value for the broncho- 
pulmonary venous blood flow is taken as 1 % of the cardiac output and the 
oxygen saturation as 50%, then taking the left atrial blood as 97%, 
saturated with oxygen, the end-pulmonary capillary blood would be 
05% higher. At this level of oxygen saturation, a difference of 0-5 % cor- 
responds to a pO, difference of about 5-5 mm Hg. Although we can make 


TaBLE 4, Comparison of the values for bronchopulmonary blood flow expressed as a 
percentage of the pulmonary flow in the entire animal (A) and in the isolated lung prepa- 
- ration perfused simultaneously through the pulmonary and bronchial circulations (B) 


Broncho 
pulmonary 
blood flow 
Authors Species (%) 

A. Bruner & Schmidt (1947) Dog 0-3-0-83 
Williams & Towbin (1955) | Dog 1-4 
Salisbury, Weil & State (1957) Dog 0-5-1-0 
Levinson; Cudkowicz, Abelmann & Katznelson (1958) Man 1-0 
Sapirstein, Sapirstein & Bredemayer (1960) Rat 3-0* 
Auld, Rudolph & Golinko (1960) ‘Dog 0-5—0-7 
Present authors Dog 0-8 

B. Berry & I. de B. Daly (1931) . Dog 2-3, 8-3 
I. de B. Daly (1938) Guinea-pig 20-0, 13-0 
Present authors Dog 2-0-10-5 


* Bronchial arterial blood flow. 


no claim for the ultimate accuracy of this figure in view of the several 


potential sources of error in the measurements employed for its calculation, 


it indicates that if the alveolar—arterial oxygen tension difference in the 
dog is 15-25 mm Hg, then one third to one fifth of this value may be 
attributed to admixture with bronchopulmonary venous blood. 


SUMMARY 


1. The distribution of blood between the bronchial and pulmonary 
vascular systems has been investigated in anaesthetized dogs. 


2. Direct measurements of the bronchopulmonary blood flow to the left 


diaphragmatic lobe were made after ligation of the lobar pulmonary artery 
and vein. The combined pulmonary artery and vein blood flow ranged from 
2-1 to 8-5 ml./min, the oxygen saturation of the blood varying from 91 to 
100%. Changing the ventilating gas mixture of the left diaphragmatic lobe 
only caused corresponding alterations in the composition of the broncho- 
pulmonary blood, indicating that in the absence of a normal flow of blood 


through the pulmonary circulation the bronchopulmonary blood traverses 
the pulmonary capillaries. 
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3. Cessation of ventilation of the lung lobe for 60-90 min caused the 
oxygen saturation of the bronchopulmonary blood to fall to a mean value 
of 50%, which means that the bronchial blood becomes venous on its 
passage through the lungs. 

4, Evidence is presented, using an isolated right lung preparation 
simultaneously perfused through the pulmonary and bronchial vascular 
systems, that, when the blood flows normally through the pulmonary 
circulation, the bronchial blood does not flow through the pulmonary 

capillaries but enters the pulmonary veins directly, presumably via the 
bronchopulmonary veins. This bronchopulmonary blood therefore contri- 
butes to venous admixture in the pulmonary vein blood. 


We wish to express our thanks to Mrs Trudy L. Colien and Miss Joan Grossman for their 
assistance with the analyses. This work was carried out during the tenure of a Rockefeller 
Foundation Fellowship by M. de B. D. and of a United States Public Health Service Research 
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Push-pull cannulae 


By J. H. Gappum. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 


The object of these cannulae is to collect chemical transmitters and other 
substances liberated in the tissues. They are based on a technique used by 
Fox & Hilton (1958) who perfused the subcutaneous tissues between two 

parallel needles 1-5-2 cm apart. 

_ A suitable fluid such as Locke’s solution runs from a high reservoir 
through a fine tube into living tissue; it is collected by another tube sur- 
rounding the tube through which it arrives. These tubes may both be 
steel needles, or one of them may be polythene. The rate of inflow is 
measured by the formation of drops, and adjusted by a suitable tap to 
about 0-1—0-2 ml./min. The apparatus is first tested in air. The rate of 
outflow depends on the difference in height (h) between the needle and the 
lower end of the outflow tube. The outflow tube is raised (so that h is small) 
and the tube filled with liquid from below; drops fall both from the needle 
and from the outflow. The value of h/ is then increased, and, as the outflow 
increases, fewer drops fall from the needle. Over a certain range of values 
_ of h, no drops fall from the needle and inflow and outflow are equal; the 
apparatus is then ready for use. It works equally well whether the needle 
is pointing up or down or horizontally. When A is increased still further, 
air is sucked into the outflow tube, and the siphon is broken. This does 
~ not occur when the needle is in a tissue, and it may be desirable in some 
cases to alter A until satisfactory results are obtained. 

The apparatus can be used in tissues receiving their normal supply of 
blood, and, although some blood may appear in the effluent when the 
needle is moved, the fluid has been found to become clear in a short time. 
The effluent has been tested in a microbath not unlike that described by 
Gaddum & Stephenson (1958); acetylcholine and other pharmacologically 
active substances have been detected. It seems likely that these substances 
have reached the flowing solution by diffusion. 

Theoretically this apparatus has the following advantages: 

(1) It detects the substances liberated under fairly normal conditions. 
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(2) It gives on indication of the turnover rather than the store, and can 
be used to study the effect of factors such as nervous stimulation. 

(3) It should be possible to localize the site of liberation of substances 
in such tissues as the central nervous system more precisely than by other 
means. 

(4) The blood-brain barrier presumably does not intervene. 
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A vacuum bottle sampler for expired air 


By B. M. Wricut. National Institute for M _— Research, Mill Hill, 
London, N.W.7 


This sampler has been salina for use with a respiratory enemometer 
(Wright, 1955) but is suitable for use with any form of gas meter, such as 
the Kofranyi—Michaelis Respirometer (Kofranyi & Michaelis, 1940) or 
the Integrating Motor Pneumotachograph (Wolff, 1958), that can make 
an electrical contact every time a certain volume of gas has passed through 
it. The sampler can also be used for end-tidal air sampling when connected 
to a suitable respiratory switch. 

The vacuum is contained in a 10 oz. (0-281.) flat medicine bottle fitted 
with a butyl rubber cork and two stainless-steel tubes so that mercury 
can be introduced to displace the sample. Butyl rubber tubing connects 
the bottle to the sampler, which consists of a combined reducing and 
electromagnetic valve. 

The reducing valve brings the vacuum in the bottle to a constant suction 
of 15cm Hg, and the electromagnetic valve is energized by a condenser 
discharge to give a constant opening time. Thus a sample of constant 
volume is aspirated each time a contact is made. This volume can be 
varied from 0-1 to 2-0 ml. by means of a calibrated valve. 

The available volume in the bottle is about 240 ml. and the dead space 
in the sampler is about 1-0 ml. The vacuum in the bottle is indicated by 
two capillary tubes containing mercury beads which move at 1/100 and 
4/5 atmosphere, respectively. 

The weight of the bottle and sampler, including two 22} V hearing-aid 
batteries, which will operate it for several days, is about 800 g. 

A standard commercial Wright Respirometer is fitted with contacts 


to give a pulse every 1 |., and also with an internal bimetallic thermometer 
indicating from 0 to 40° C on the dial. 


b 
B 


j 


SOCIETY, 4-5 NOVEMBER 1960 : 3P 


End-tidal air samples can be taken with either a specially designed belt 
switch or a simple switch fitted to a standard Siebe-Gorman valve. 
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Transistorized drop-counter with simple drop chamber for 
measurement of blood flow 


By A. Goap, N. L. Grecory and J. McKay. National Institute for 
Medical Research, Mill Hill, London, N.W.1 


Sedation and nystagmus produced by small doses of sodium 
barbital injected into the cerebral ventricles of rabbits 


By A. Hassevsiatt and D. H. Sprovutu. National Institute for Medical 


Research, Mill Hill, London, N.W.7 


A lever-operated, spring-loaded plunger clip for organ bath pore 
pipes 

By A. R. J. Coturs and J. P. B. Sean. National Institute for Medical 
Research, Mill Hill, London, N.W.7 


The transmission of serum proteins from foetus to mother in the 
Rhesus monkey: indwelling cannulation of the foetus without 
interruption of pregnancy 

By D. R. Banauam, K. R. Hosss and D. E. H. TEE. National Institute 


_ for Medical Research, Mill Hill, London, N.W.7 


Further observations on brief profound anoxia 


By J. Ernstina, J. L. Gepye and G. J. R. McHarpy. Royal Air Force 
Institute of Aviation Medicine, Farnborough, Hants 


We have described (Ernsting & McHardy, 1960) a method of producing 
brief anoxia by supplying oxygen at various times after decompression 
from 8000 to 38,000 ft. (560-155 mm Hg absolute) in 1-5sec. In the 
present experiments the performance of six subjects on a task requiring 
the reproduction of a learned sequence of eight digital operations was 
assessed every 5 sec by measuring the time taken to complete the sequence ; 


a four-channel electroencephalogram was also recorded. Each subject was 
a2° 
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decompressed three times under each of three conditions, viz.: oxygen 
breathed before and after decompression (curves A, Fig. 1), and oxygen 
supplied 2 sec (curves B), and 8 sec (curves () after decompression, air 
being breathed beforehand. 

When oxygen was breathed throughout, no decrement in performance 
or change in e.e.g. was found. When oxygen was supplied at 2 sec after 
decompression performance was impaired for 15sec. In addition, fast. 
(8-13 c/s) activity was noted in the e.e.g. beginning at 15 sec and lasting 
until 25 see after decompression. When oxygen was supplied 8 sec after 
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Fig. 1. Mean alveolar oxygen tensions and performance on task following rapid 
decompression from 8000 to 38,000 ft. in 1-5 sec. Curve A—oxygen breathed 


before and after decompression ; curve B—air breathed before and oxygen supplied — 


28sec after decompression; curve C—air breathed before and oxygen supplied 
8 sec after decompression. : 
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decompression there was gross impairment of performance, some subjects 
waiting for a considerable period before attempting the task and one losing 
consciousness. The e.e.g. showed changes which included the appearance 
or accentuation of 8-13 c/s activity and in some cases the appearance of 
slow (2-4 c/s) activity. These changes began some 15 sec after decom- 
pression and had disappeared by 30 sec. The delay in the appearance of 
e.e.g. changes can be attributed to the sum of the lung-to-brain circula- 
tion time, and the time required for the development of cerebral anoxia. 
It is of interest that the decrement in performance persisted for 20 sec 
after the e.e.g. changes had disappeared. | 

Figure 1 shows the changes in performance together with the mean values 
for alveolar oxygen tension derived from the earlier experiments. 

When oxygen was supplied 2 sec after decompression the subject’s first 
breath was pure oxygen. The subsequent rise in alveolar oxygen tension 
(curve B) represents the washing out of nitrogen from the alveolar gas. 
The brief anoxia occurring while the oxygen tension was low was none the 
less sufficient to impair performance, and cause changes in the e.e.g. 


REFERENCE 
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Neurogenic vasodilation and willed movement 
By A.C. Dornuorst. St George’s Hospital Medical School, London, 8. Ww. 1 


The separation of the components of the menstrual stimulant 


By H. J, Currueroer* and V. R. Pickxizs.*. Department of Experimental 
Medicine, University of Cambridge 

The menstrual stimulant is a group of smooth-muscle stimulants which 
originate in the endometrium, and are thought to stimulate the myo- 
metrial contractions expelling the decidua menstrualis (Pickles, 1959). 
There have previously been known to be at least two stimulant substances 
in the group, but they were not clearly separated. We have now been 
able to separate three such stimulant components both from one another 
and from most of the inactive material in the crude lipid extracts. In 
addition to these, and clearly separable from them, there is found in many 
extracts a stimulant of non-menstrual origin, of which an oral account was 
given at the Society’s meeting of 22-23 April 1960. 

Until they can be chemically identified, these comporients of the men- 
strual stimulant are referred to as A, B, and C. The following are the prin- 
cipal methods used for their separation. 

* Present address: Physiology Department, University of Sheffield. 
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(1) On partition of crude lipid extracts (acetone- and dichloromethane- 
soluble material) between heptane and 80 °% aqueous methanol, ( remains 
largely in the heptane while B and A largely pass into the methanol. 

(2) Fractional elution from silica gel enables the stimulants to be further 
separated. Thus in the heptane fraction from (1) above, C is eluted by 
10-15 % ether in petrol but not by 5%. Likewise in the methanol fraction, 
B is eluted by 15% ether in petrol, and A by 10-30% methanol in ether. 
Intermediate fractions include the main non-menstrual stimulant. 

(3) Components A and B can be passed from solution in ether or dichloro- 
methane into NaHCO, solution, and back into an organic solvent after acidi- 
fication of the aqueous phase ; C’ however remains in the first organic phase. 

(4) C can then be separated from much inactive material by fractional 
elution from partially hydrated alumina. 

(5) B, prepared by methods (1), (2) and (3), can-be further purified by 


chromatography on a column of kieselguhr, from which it is very readily 


eluted by petrol. 

(6) A can be further purified by chromatography on a cellulose-powder 
column developed with an acetone-ether mixture. 

(7) Paper chromatography (ethyl methyl ketone—diethylamine—water 
60:3:20; Vogt, 1957) has been used in supplementary tests of purity, but 
is unsuitable for preparative purposes. 

These three components have all the effects on smooth muscle that have 
been described before for the menstrual stimulant, while the discarded 
lipid (90 %, of the total weight) is of much smaller stimulant potency. All 
the components are ‘slowly acting’ by comparison with histamine or ACh; 
but C has particularly slow and persistent effects. B is the most effective 


potentiator of other stimulants, and A is the most potent in direct consid | 


tion of the guinea-pig ores. 
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Dark adaptation of human rods and the regeneration of 
rhodopsin 


By W. A. H. Rusuton. Department of eae National Institutes 
of Health, Bethesda, Md., U.S.A. 


Hecht’s well- known photochemical sien: did not treat quantitatively 
the increase of sensitivity which occurs during dark adaptation, nor was 
the postulated regeneration of rhodopsin ever measured. Such measure- 
ments are now possible in the human eye by the technique of retinal 
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densitometry, so the relation of threshold to the amount of nee 
regenerated may be found by direct determination. 

The subject was exposed to a bright light which bleached more than 
25 % of his rhodopsin in the exposed area, Regeneration was then observed 
by densitometer readings. When 85 %, had regenerated the subject shifted 
to a conventional dark-adaptation apparatus and the threshold was always 
found still to lie upon the cone branch of the curve. A minute or two later 
the kink occurred and the instant of cone-rod transition was noted. The 
subject returned to the densitometer and completed the rhodopsin curve. 
By interpolation it was easy to read that the kink occurred when 92% 
of rhodopsin was in the rods, and this figure was found no matter how 
extensive was the initial bleaching. Whenever only 8% remained un- 
regenerated, the rods entered (at 2 log. units above the final threshold), 
and the smaller the initial bleach, the earlier this moment occurred. 

In normal eyes the relation between rhodopsin and rod threshold can 
only be studied for the last 10° of regeneration, since greater bleaching 
makes rods less sensitive than cones. But a larger range is available in 
rod monochromats where cones are practically absent (work in collabora- 
- tion with M. G. F. Fuortes and R. D. Gunkel). _ 

The monochromat’s rhodopsin was found to be normal in amount 
and in regeneration rate, and the rod dark adaptation could be followed 
over a range of 6 log. units. The relation between the fully dark threshold 
I, and the threshold J at the moment when a fraction p of rhodopsin was 
still unregenerated is given by 

log (I/I,) = 20p. 
This relation is similar to that found recently in the rat by Dowling & Wald 


(1960) between the threshold for the e.r.g. and the amount of rhodopsin 
extracted at various stages of dark adaptation or of vitamin A deprivation. 


REFERENCE 
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Pulsatile gas flow in bronchi caused by the heart beat 


By P. Huau-Jonzs and J. B. Wust. Department of Medicine, Postgraduate 
_ Medical School, Hammersmith Hospital, London, W.12 


A new type of flowmeter allows measurement of the gas flow rate in 
small bronchi at bronchoscopy. The principle is that a fine jet of an inert 
gas is blown across a small gap between two opposing fine tubes. One tube 
delivers the gas, and the other is connected to a rapid gas analyser. When 
the flowmeter, protected by a small wire cage, is placed in a bronchus 
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so that the jet is at right angles to the direction of bronchial gas flow, the 
inert gas stream is deflected, so that the concentration recorded by the 
analyser is a measure of bronchial flow rate (West, 1960). 

By using this flow meter, pulsatile gas flow synchronous with the heart 
beat has been recorded in segmental and lobar bronchi in man. Pulsations 
were detected in three-quarters of fifty-four patients examined and occurred 
in all parts of the lung, though particularly on the left side. They were seen 
during both inspiration and expiration but were most obvious in the post- 
expiratory pauses. Volume flow rates up to 2 1./min and displaced volumes 
up to 5 ml. were recorded. At a given instant of the cardiac cycle, the 
phase of the cardiac pulsations was sometimes different in different parts 
of the lung. The pulsations are presumably caused by movements of the 
heart compressing some parts of the Jung and allowing others to expand. 


REFERENCE 
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‘The release of serotonin by intravenous adrenaline and nor- 
adrenaline 


By T. M. Anprews, W, §. Peart and J. 1.8. Ropertson. Medical Unit, 
St Mary’s Hospital, London, W.2 


Attacks of facial flushing in patients with metastatic carcinoid tumours 
can be provoked by the intravenous injection of small doses of adrenaline 
and noradrenaline, probably by the release of a humoral substance from 
the neoplasm (Peart, Robertson & Andrews, 1959). Serotonin. does not 
appear to be the substance responsible for the flush, though it remains 
possible that serotonin release from the tumour could occur in some of 
these cases during the flushing attack. 

The subject of the present study was a 58-year-old woman with a pri- 
mary carcinoid tumour of the ileum and secondary deposits in the liver. 
Rapid serial blood samples were obtained by cardiac catheter, variously 
from an hepatic vein and from the upper inferior vena cava during flushing 
attacks provoked by the intravenous injection of 2 ug of adrenaline and 
10 wg of noradrenaline. Free plasma serotonin was assayed in these 
samples on the fundal strip preparation of the rat’s stomach (Vane, 1957), 
using the technique to be published by Robertson and Andrews. In all 
the attacks, a rise in the free plasma serotonin occurred from basal levels 
of 20 to 40 ng/ml. to peak levels varying from 320 to 1000 ng/ml. 

This observation adds another example to the group of interrelationships 
which are known to exist between various amines present in the body. 
Other instances are the release of adrenaline and noradrenaline from adrenal 
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medullary tumours by intravenous histamine (Roth & Kvale, 1945), the 
suggested release of adrenaline from the adrenal medulla of the cat by 
_ serotonin (Reid, 1952) and the release of histamine by serotonin (Feldberg 
& Smith, 1953). | 

Of interest in the present context is the observation that the distribu- 
tion of serotonin in the brain closely follows the noradrenaline content 
(Amin, Crawford & Gaddum, 1954). The precise significance of these 
various relationships remains to be determined. 
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The effect of nitrate on electrical and mechanical activity of smooth 
muscle 


__ By J. Axztsson. Department of Pharmacology, University of Oxford 


Hill & Macpherson (1954a, b) found that NO, increased the tension 
response to single shocks in frog’s striated muscle. They suggested it did 
‘80 by extending in duration some process in the membrane. 

The present experiments were carried out on intestinal smooth muscle 
with simultaneous recording of mechanical and electrical activity by the 
sucrose-gap method. 

When the muscle was stimulated electrically at a frequency somewhat 
higher than its spontaneous rate, it responded to each stimulus by one 
action potential. When the Cl was replaced by NO, each stimulus evoked 
two or three action potentials and consequently the tension was greatly 
increased by summation. A single stimulus now caused repetitive dis- 
charge. During spontaneous activity, replacement of Cl by NO, was found 
to double or treble the rate of discharge. It appeared as if, in smooth 
muscle, the increased tension in NO, solution was a consequence of 
increased spike frequency. However, when a similar increase in frequency 
was obtained by raising the temperature, the increase in tension was not 
maintained. Moreover, if the spike frequency was already high because 
the driving frequency was rapid or because the temperature was raised, 
Teplacement of Cl with NO, caused no further increase in frequency of 
action potentials; nevertheless, each individual contraction was larger. 
This action of NO, could still have been secondary to a change in electrical 
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activity, since it was observed that the repolarization of the compound 
spike was delayed. The tail of the action potential was prolonged. An in- 


creused duration of the action potential in NO, solution has been recorded | 


by intracellular electrodes in uterus muscle by H. Kuriyama (personal 
communication) and in frog skeletal muscle (Hutter & Noble, 1960), and 
by external electrodes by Harris (1958) in frog sartorius. 

A correlation between membrane resistance and tension response in 
striated muscle has been suggested, as anions which increase membrane 
resistance have been found to increase the duration of active state (Hutter 
& Padsha, 1959; Hutter & Noble, 1960). Therefore, in a few experiments, 
Cl was replaced by ethanesulphonate to which the membrane is assumed 
to be even less permeable than to NO,. Its effect was, however, not com- 
parable to that of NOg, although it usually increased temporarily the spike 
frequency. 

Considering the possibility that NO, had a direct action on the contractile 


mechanism, we studied its action in conditions in which the tension was © 


reduced without reduction in electrical activity (Axelsson & Biilbring, 
1959; Axelsson, 1960). We found that NO, did not increase the tension 
response in Ca-free solution nor when Na had been replaced by Li, although 
spontaneous spike discharge was greatly increased. 
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Interactions of acetylcholine, adrenaline and magnesium with 
calcium in the contraction of depolarized rat uterus 


By K. A. P. Epman and H. O. Scumtp. Department of Pharmacology, 
University College London 


Smooth muscle which has been depolarized by immersion in isotonic 
K,S0,-Ringer still responds to acetylcholine (ACh) (Evans, Schild & 
Thesleff, 1958). This response requires calcium, as was demonstrated by 
Robertson (1960) and Jenkinson (personal communication). We have found 
that calcium itself contracts the depolarized rat uterus. The threshold 
concentration for an isometric contraction at room temperature is 0-1 mM 
calcium. The response increases up to about 1-2 mm and remains constant 
or declines with higher concentrations (up to 4-8 mm). The greatest isometric 
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tensions by calcium in the depolarized preparation are about 50% of the 
maximum tensions produced by ACh in normal Ringer’s solution. The cal- 
cium contractions are maintained as long as calcium is present in the bath, 
but they are completely reversible by removing the calcium from the 
‘solution and can be repeated over hours. Magnesium (2-8 mm) produces 
a graded antagonism of the calcium contractions. 
ACh applied to a depolarized rat uterus preparation which is already 
contracted by calcium produces a further contraction. Thus if the tension 
‘produced by calcium is 50% of the maximum, ACh may increase this to 
80-90 %. It is of interest that the effects of ACh cannot be duplicated by 
external application of calcium in view of the importance attributed to 
penetration of calcium into the muscle cell in the initiation of contraction 
(Shanes, 1958). 
Adrenaline in low concentrations (10-* to 10-8) relaxes the uterus con- 
_ tracted by calcium and inhibits the calcium-induced contraction of a 
relaxed uterus. 

Calcium is also required for the depolarization-contraction of rat uterus 
following immersion in isotonic K,SO,-Ringer in accordance with the 
findings reported by Niedergerke (1956) for heart muscle and Frank (1960) 
for striated muscle. If a rat uterus which is kept in calcium-free NaCi- 
Ringer is briefly immersed at intervals in isotonic calcium-free K,SQ,- 
Ringer the depolarization-contractions thus elicited gradually diminish 
and eventually disappear. The responses to ACh in the calcium-free 
_ NaCl-Ringer also decline but at a slower rate, so that a stage can be 
reached where immersion in K,SO,-Ringer produces no tension response 
but ACh still produces a considerable effect. This is a further argument in 
_ favour of the view that ACh contractions of smooth muscle can be pro- 
duced by a mechanism other than a depolarization. 
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Enhancement of the anaphylactic release of histamine and slow- 
reacting substance by certain dibasic fatty acids and inhibition 
by monobasic fatty acids 


By K. F. Austen* and W. E. Brocxienurst.} National Institute for 
Medical Research, Mill Hill, London, N.W.7 


The amounts of both histamine and slow-reacting substance “‘SRS-A’ 
(Brocklehurst, 1960) released from perfused, chopped, guinea-pig lung 
during anaphylaxis in vitro are greatly increased by the presence of suc- 
cinic acid. In seventeen different experiments an average of 19-5 % of the 
total tissue histamine was released by antigen alone, whereas 37-5°% was 
released when 0-5 mm succinic acid was present in the reaction mixture. 
This enhancement occurred when the antigen was added to the sensitized 
tissue 10 sec after the suspending medium had been changed from normal 
Tyrode solution to Tyrode containing succinic acid. Incubation of the 
tissue with succinic acid for 5 min before adding antigen produced only 
one-third more enhancement than the 10sec pre-incubation, while pre- 
incubation for 15 and 30 min gave no further increase. Enhancement 
of the anaphylactic reaction was definite with as little as 0-05 mm succinic 
acid and concentrations of 5-0 and 20-0 mm were only slightly more effec- 
tive than 0-5 mm. Succinic acid alone did not release detectable quantities 
of histamine and SRS-A. 

No enhancement was achieved with Krebs’s cycle intermediates such as 
citric acid, fumaric acid, and malic acid, but «-keto glutaric acid at 
5-0 mm was almost as active as succinic acid at 0-5 mm. Other dibasic 
acids such as malonic, adipic, and pimelic were virtually inactive, while 


glutaric had approximately the same activity as «-keto glutaric. In — 


contrast to fumaric acid (trans), which was inactive even at 20 mm, 

maleic acid, the cis isomer, was as active at 0-5 mm as succinic acid. Thus, 

the essential chemical structure for enhancement of the anaphylactic 

reaction in guinea-pig lu&g appears to be a dibasic acid in which the car- 

boxy! groups have a cis configuration and are separated by a two carbon 
| | 


Monobasic acids, on the other hand, inhibit the anaphylactic release 


of histamine and SRS-A, and the concentration required to produce 50% 


_ inhibition decreases with increasing chain length. Thus, 0-5 mm decanoic 

acid produces the same inhibition as 5-0 mm of hexanoic acid. This inhibi- 

tion is not reversed by excess calcium, and so cannot be due to the removal 

of calcium. Substitution of hexanoic acid with an e-amino group diminishes 

the inhibitory capacity, and substitution with an «-amino group abolishes it. 
* U.8.P.H.S. Postdoctoral Research Fellow. 


Tt Present address: Department of Pharmacology, University New Buildings, Teviot 
Place, Edinburgh, 8, 
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The mechanism whereby the monobasic fatty acids from pentanoic to 
dodecanoic inhibit and the four carbon dibasic acids, succinic and maleic, 
enhance the anaphylactic release of histamine and SRS-A is not estab- 
lished. It is possible, however, that they are competing for the same site 
in the reaction sequence. 

These studies show that compounds normally existent in mammalian 
tissue can respectively enhance or inhibit the in vitro ee reaction 

in chopped guinea-pig lung. 
REFERENCE 
Brock.enurst, W. E. (1960). J. Physiol. 151, 416—435. 


Visceral receptors, pain, bradykinin, and analgesic agents 


By C. Braovn, F. Guzman, E. W. Horton, R. K. 8. Lim and G. D. Porrsr. 
Medical Sciences Research Laboratory, Miles Laboratories, Inc., Elkhart, 
Indiana, U.S.A. 


Pericapillary non-myelinated fibres and branching varicose terminals 
course alongside, but do not end upon, the capillary wall (methylene blue 
and silver methods in rat and cat). These pericapillary terminals appear 
similar to the free-branching ‘pain’ receptors in cutanecus epithelium 
(Weddell & Pallie, 1954; Lim, 1960). 

The perivascular network in larger vessels containing one or more layers 
_ of muscle consists largely of non-myelinated sympathetic efferents, which 
disappear after sympathectomy. The remaining fibres are derived from 
myelinated axons and are sensory fibres arising from spinal ganglia. Some 
of these terminate as pericapillary receptors of the vasa vasorum (and vasa 
nervorum). 

Intra-arterial injection of KCl (0-5 ml., 18-75 mg), bradykinin* (0-5 ml. 
= 1-2 wg pure bradykinin) or acetylcholine (0-5 ml., 0-5 mg) in the 
chloralose dog (80 mg/kg 1.v.) evokes a response consisting of vocaliza-. 
tion, hyperpnoea and vasomotor change, which disappears on section 
of the nerves to the organ or part supplied by the injected vessels. 
On the other hand, intravenous and caval injections are without effect. 
Intra-arterial injections into the leg after removal of the skin, or into the 
splenic, gastric, intestinal or internal carotid arteries, or seg vein, all 
give the response. 

Excluding KCl as a general depolarizing agent which may excite axons, 
and assuming that the other agents excite receptors (Diamond, 1959), 
_ it is evident that they are capable of exciting both the cutaneous and 
the visceral (pericapillary) receptors, which evoke a common response. 

* Crude bradykinin used was from a sample kindly provided by Drs D. F. Elliott and 
G. P. Lewis and from other batches prepared in this laboratory. 
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In view of the fact that bradykinin is the most effective agent and 
produces pain in man (Armstrong, Keele, Jepson & Stewart, 1954), 
it may well be one of the agents responsible for the causation of visceral 
pain under different conditions of inflammation or internal nociception. 
Rocha e Silva & Antonio (1960) report that thermal injury to the rat’s 
paw liberates bradykinin into the warmed tissues. These observations 
support the idea that bradykinin acts as a mediator of inflammatory 
changes (Elliott, Horton & Lewis, 1960). 
Preliminary tests have shown that the intravenous administration of 
sodium acetylsalicylate (ASA) 25-50 mg/kg and N-acetyl-p-aminophenol 
(APAP) 10-20 mg/kg may block the response to bradykinin, etc., 
completely (ASA 4/11, APAP 2/8 dogs), or partially (ASA 5/11, APAP 
1/8 dogs), and that morphine sulphate 1-0 mg/kg is the most powerful 
blocking agent (6/7 dogs). At these dose levels, the response begins to 
recover in 45-60 min. 

These observations suggest that if the features of the response, particu- 


larly vocalization, are indicators of visceral pain, the latter may be pro- 


duced by the action of bradykinin on visceral (pericapillary) receptors and 
reduced by the action of non-narcotic and narcotic analgesics. : 
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The effect of adrenaline, noradrenaline and isoprenaline on the 
guinea -pig’s uterus 


By K. Hermansen*. Department of Pharmacology, University of Oxford 


Uteri from immature guinea-pigs weighing about 250 g were set up in 
an isolated organ bath containing 20 ml. of a modified Krebs’s solution 
Na 137; K 5-9; Ca 2-5; Mg 1-2; C1135; HCO, 15-0; H,PO, 1-2; 
glucose 11-5; 97 % Oe; 3% CO,, pH 7-3, 35° C) with a tension of 2 g. 

Doses of adrenaline (1-20 yg), noradrenaline (0-1-4 yg) and isoprenaline 
(0-1-20 ug) were given repeatedly during periods up to 8 hr. Noradrenaline 
always caused a contraction. Isoprenaline always caused a relaxation 


when a tone was present, but had no visible effect when the uterus was 
atonic. 


* On leave from Pharmacia, Ltd., Vanlose, Copenhagen, Denmark. 


sre @ 


‘ 
a 
Ut 
el 
2 
‘ 
; 


SOCIETY, 4-5 NOVEMBER 1960 15P 


Adrenaline had a complex effect: 

(a) When no tone was present adrenaline had no visible effect at the 
beginning of an experiment but at the end it caused a conttaction. 

(b) When a moderate spontaneous tone was present the effect of adrenaline 
at the beginning was a relaxation. It gradually changed to a biphasic 
effect (contraction followed by relaxation) and finally to a contraction. 

(c) Whena high tone was present, which occurred sometimes spontaneously 
at the end of an experiment, or, when it was produced by noradrenaline or 
acetylcholine, adrenaline caused relaxation. 

Isoprenaline abolished the relaxing effect of adrenaline. If, in the pre- 
sence of isoprenaline, a high tone was produced by acetylcholine, adrena- 
line caused a further contraction. If, on the other hand, a high tone was 
produced by noradrenaline, adrenaline caused neither contraction nor — 
relaxation. | 

Adrenaline had a pure motor effect on uteri from guinea-pigs treated with 
oestrogens, as already demonstrated by Holtz & W6lpert (1937) and 
Greeff & Holtz (1951). 

The motor effect of adrenaline was always enhanced by isoprenaline in 
uteri from both immature and oestrogen-treated guinea-pigs. 

_ After the experiments the uteri were taken for Na and K determinations 
and the results were: 


Na K 
Immediately after killing 71-5+ 12-0 80-2+6-6 mm/kg fresh wt. 
After 8 hr expt. 70-8 + 7-0 77-8 + 12-4 ma/kg wet wt. 


As the water content did not change during an experiment, it seems that 
the Na and K concentrations remained constant after 8 hr repeated appli- 
cation of the amines. 

The glycogen content was determined in uteri kept for 8 | in the same 
experimental conditions as above. There was a gradual fall to 50% of the 
initial value in 4 hr but no further decline up to 8 hr. 

The relaxing effect of adrenaline on intestinal smooth muscle has been 
interpreted as the result of an increased rate of supply of metabolic energy 
from glycogenolysis, as adrenaline causes an increase in phosphorylase 
activity (Axelsson, Bueding & Biilbring, 1959; Axelsson & Biilbring, 1960). 
If a similar mode of action is assumed for uterine muscle some of the 
observations described in this communication might be explained. 
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Studies with histidine decarboxylase 


By J. M. Tetrorp and G. B. West. Department of Pharmacology, School of 
Pharmacy, University of London 


The presence of histidine decarboxylase, the enzyme responsible for the 
formation of histamine from histidine, has been investigated by many 
workers, but few have studied the factors affecting the in vitro determina- 
tion of this enzyme. Using the method of Waton (1956), we have now 
investigated some of these factors which modify the activity of histidine 
decarboxylase in rat tissues. 

With the optimal conditions of incubation for each tissue, the chief 
sources of histidine decarboxylase in the adult rat were pyloric stomach 
(where more than 8 yg histamine/g tissue per hour was formed), the liver 
(5:1 pg/g), the duodenum (3-3 wg/g) and the kidney (1-6 yg/g). These 
results are in agreement with those found by previous workers, except for 
those found for the liver. In this tissue, the high activity was only 
obtained when incubation proceeded at a pH value of 8-0 in the presence 
of traces of benzene, and this may account for the low activity found by 
previous workers. 

According to Kahlson (1960), histidine dacaitcorstaan in rat liver under- 
goes dramatic increases in activity during active growth, as, for example, 
in the development of the foetus and in the adult after partial hepatectomy. 
We tested the histidine decarboxylase in foetal rat liver using Waton’s 
method and confirmed the high activity. For example, the histamine 
formed by liver extracts from foetuses of 14-16 days ranged from 500 to 
1250 ug/g tissue per hour. These values, however, were obtained when 
incubation proceeded at a pH value of 6-5 and there was much less activity 
at pH 8-0. Furthermore, traces of benzene in the incubation mixture 
failed to modify the enzyme activity. The change-over in the optimal 
pH value from 6-5 to 8-0 was detected just after birth, when the enzyme 
activity fell to near the adult level. 

It has not been possible so far to confirm the high histidine decarboxylase 
activity of adult rat liver after partial hepatectomy. Further work is also 


in progress to determine whether glucocorticoids influence the histidine 
decarboxylase activity of rat tissues. 
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Electrical potentials in the isolated intestine 


By R. J. C. Barry, 8. J. Marruews and D. H. Smyru. Depart- 
ment of Physiology, University of Sheffield ; 


As everted sacs of rat intestine are now widely used to study intestinal 
transport, and as transfer of ions in many tissues is associated with electri- 
cal potentials, it was of interest to see whether electrical potentials could 
_be recorded in everted sacs. 

White rats were anaesthetized with pentobarbitone and sacs were made 
from the middle fifth of the intestine. Potentials were led off by agar bridges 
to calomel electrodes connected with a Pye portable potentiometer. One of 
the bridges ended inside the sac and the other was in contact with the fluid 
in which the sac was suspended. The sacs were filled with, and suspended 
in Krebs’s bicarbonate saline with or without glucose. When glucose was 
present (500 mg/100 ml.) a steady potential of about 8 mV was recorded, 
the serosal side being positive to the mucosal side, i.e. the positive poten- 
tial was on the side to which sodium transfer takes place. If glucose was 
absent a much smaller potential was recorded, or in some cases no potential 
or a small potential in the opposite direction. The glucose-dependent 
potential was dramatically reduced by addition of phlorrhizin (10-5 to 
10-8 m) to the mucosal fluid. The initial effect of phlorrhizin was very rapid 
and a fall of about 5 mV had occurred in the few seconds necessary to make 
a measurement after addition of phlorrhizin. The phlorrhizin effect was 
partially reversible on replacement of the mucosal solution by a phlor- 
rhizin-free solution. Phlorrhizin had no effect in the absence of glucose. 
The potential was considerably reduced, but not abolished, by addition 
_ of DNP (10-4 m) to the mucosal fluid. The potential was also reduced 
but not abolished by replacing the oxygen bubbling through the mucosal 
fluid with nitrogen. Provided the anoxia lasted only a short time, the 
initial potential was obtained on readmission of oxygen. 

Curran & Solomon (1957) have recorded a potential in the ileum of the 
rat in vivo. In this case the mucosal side was positive and their interpreta- 
tion was that more anions were transported from the lumen than cations. 
If the potential in our experiments is due to sodium, a more rapid transfer 
of cations from the lumen is suggested. Newey, Parsons & Smyth (1959) 
have shown that the entry of glucose into the mucosal cells is prevented 
_ by phlorrhizin, and the present findings would suggest that phlorrhizin 
affects sodium entry, not necessarily directly, but possibly by preventing 
glucose entry. This is of interest in relation to the suggestion of Crane, 

Miller & Bihler (1961) that there is a direct relationship between sodium 
_ transfer and glucose transfer by the intestine. Barry, Matthews & Smyth 
(1959) have shown that there are two types of water transfer by the intes- 
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tine, one dependent on glucose and one independent of glucose, and the 
potentials which we described here are possibly related to the glucose- 
dependent water transfer. 
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Does spironolactone block the renal effects of cortisol ? 


By J. N. Mius, 8. Tomas and K. 8. From the 
of Physiology, University of Manchester 


The part played by the adrenal cortex in a variety of homoeostatic 
_ and other adjustments can conveniently be studied by the administration 
of an agent which blocks its effects upon the kidney. Spironolactone (ald- 
actone, Searle, 3-(3-keto-7«-acetylthio-178-hydroxy-4-androsten-17y-yl)- 
propionic acid-y-lactone) has been shown to block the renal effects of 
aldosterone, but observations on its antagonism to cortisol are scanty 
(Kagawa, 1960). 

We have collected the urines produced between 10.30 and 12.30 by 
eleven students, with or without administration of cortisol and/or spirono- 


lactone. Cortisol, 100 mg, as hemisuccinate, was injected intravenously at — 


9.30; spironolactone was atte by mouth, 200 mg at bedtime and 100 mg 
on waking. 

Cortisol produced the familiar fall in sodium and rise in potassium 
excretion. If a subject injected with cortisol had been given spironolactone, 
_ sodium excretion was higher but potassium excretion indistinguishable ; 
we infer that spironolactone exerts some blocking action upon the sodium- 
retaining effect of cortisol, but none upon its kaliuretic effect. If a subject 
who had taken spironolactone. was injected with cortisol, his sodium 
excretion was reduced; the blocking action is therefore incomplete. 

We therefore performed a second experiment on each subject, with 
double the dose of spironolactone, 300 mg at bedtime, repeated on waking ; 
the results were indistinguishable from those with the smaller dose. 

Neither cortisol nor spironolactone consistently altered urine flow or 
creatine output. : 

This dissociation between the action of cortisol upon sodium and potas- 


sium could be important in understanding the mode of action of this 
steroid. 


REFERENCE 
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Some observations on receptors of the soleus muscle innervated 
by Group III afferent fibres 


By P. Brssou and Y. Laporte. Laboratoire de Physiologie de la Faculté 
de Médecine de Toulouse, France 


~ Most muscle receptors innervated by Group III afferent fibres (myelinated 
fibres of 4-1 » diameter, Lloyd & Chang, 1948), in the cat, are activated 
by pressure. The pressure receptors are of several kinds which differ by the 
type of mechanical stimulus to which they respond, by their threshold, 
rate of adaptation and location (Bessou & Laporte, 1960; Paintal, 1960). 
More information about some of these receptors has been obtained by 
exploring the pressure sensibility of exposed soleus muscles in order to 
delimit the receptive field of single Group III fibres. Measurements of 
intramuscular conduction times, and adaptation curves of some receptors, 
were made whenever possible. 

Single Group III fibres prepared in dorsal-root filaments were identified 
by their speed of conduction (less than 24 m/sec) using the conversion 
factor 6 of Hursh (1939). Tensions developed by stretch or by contraction 
_ of the muscle were recorded with a strain-gauge. 

Receptors with a small field of activation, of about 3-10 mm?, are 
found on the surface of the muscle or in the connective tissue around the 
tendon. They adapt quickly and need strong kneading to be activated. 
The average speed of intramuscular conduction of their axons is 1-2 m/sec. 
Stretch or contraction of the muscle does not activate them. 

Receptors mostly activated by deep pressure on the junction zone 
between muscle and tendon have a slow rate of adaptation. They often 
give a low-frequency discharge during the onset of stretch. 

The receptive field of some Group III fibres is surprisingly large. Those 
fibres are activated by pressure exerted within an area of several square 
centimetres on the belly of the muscle. 

This extensive activation is due, at least partly, to the presence of 
receptor structures in different parts of the muscle annexed to the same 
afferent fibre, since partial removal of the fascia or section of the muscle 
suppresses the activation of that fibre only from the denervated regions 
of the muscle. 

A few spindles and tendon organs innervated by Group Il fibres were 
also identified. 
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Cation exchanges of human red cells 


By Pappy D. McConacuey and M. Marzets. University College Hospital, 
London, W.C. 1 


Human red cells incubated in solutions of non-electrolytes like lactose, 
become highly permeable and rapidly lose anion, cation and water. 
Cation so lost may be replaced by other monovalent cations, and these 
may be ‘sealed’ in the cells with CaCl,, which added to a suspension 
(to 2-5 mm) restores normal cell permeability (for details see Bolingbroke 
& Maizels, 1959). Such cells, however, lack energizing substrates and will 
only transport cations against concentration gradients if adenosine is 
added to the suspension (to 0-04%, w/v), as well as glucose. It thus 
becomes possible to prepare ‘Na cells’, ‘Na+ Rb cells’, “Li+K cells’, etc., 
and to study their cation exchanges on transference to NaCl+NH,Cl, 
RbCl or similar media (Table 1). 


TABLE 1. Cation transfer of red cells treated wiih lactose solution and resuscitated 


Cell composition (m-equiv/l. water?) 
Cation concentration after rocking in the incubation medium 
of incubation medium A 


Loading (m-equiv/l.) At 0 hr At 24 hr 
l Na+K Na 110, K 20 Na 60,K 66 Nal8s,K 100 
2 Na+Rb Nall0, Rb = 20 Na 58, Rb 68 Na 23, Rb 97 
3 Na+Cs Na 110, Cs 20 Na 62,Cs — Na 31, Cs —_ 
4 Na Na ll0, NH, 20 Na 100, NH, — Na 46, NH, — 
5a Na+Li Na 110, Li 20 Na 67,Li 64 Na 47, Li 85 
5b Li+Na Na 20,Li 110. Na 63,Li_ 68 Na 7, Li 126 


Note: Cations are removed from red cells with lactose solution and then replaced by 
transferring the cells to an electrolyte medium containing suitable salts (loading medium). 
Cation is sealed in the cells with CaCl, and the cells transferred to a new ‘Incubation medium’. 


If pure ‘Na cells’ prepared in this way are incubated in NaCl medium, 
it may be shown by means of tracers that influx and efflux are roughly 
equal at about 5 m-equiv Na*/l. cells.hr. Addition of K+ to the medium 
evokes movements of Na+ and K+ against the concentration gradients 
(Expt. 1). Rbt, Cs+ and NH,* can replace K+ (Expts. 2, 3 and 4): this 
confirms the work of Solomon (1952), Post & Jolly (1957) and others, 
who, however, used cells containing high residues of natural Na+ and K*. 
In the case of Na+ NH, systems, passive diffusion is very rapid, and no 
accumulation of NH,+ can occur to offset active loss of cell Na+. Thus in 
Expt. 4 Na* lost was 76 m-equiv/l. cells, and cell volume decreased from 
92 to 73 % of normal. Na+ concentration was only 46 m-equiv /\. cell water, 
the osmotic pressure being maintained by the high osmotic pressure of 
the haemoglobin in concentrated solution. Lit and Na* in Li+ Na systems 
move against the concentration gradients, but the movements are small 
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(Table 1, 5a, 56). In Na-free systems (e.g. Li+K; Rb+Cs) no active 
transport occurs. i 
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Pyrogen-induced vasodilation in the transplanted kidney 


By K. E. Coopsr, W. I. Cranston, W. J. Dempster and R. F. Mottram. 
M.R.C. Body Temperature Research Unit, Department of the Regius Pro- 
fessor of Medicine, The Radcliffe Infirmary, Oxford, and Department of 
Surgery, Post-Graduate Medical School, Hammersmith Hospital, London, 


During fever, induced by bacterial pyrogens, there is renal vasodilata- 
tion; this is not a direct effect of the pyrogen, and initial attempts to detect 
a circulating vasodilator agent have failed (Cranston, Vial & Wheeler, 
1959). It has been reported that sympathectomy does not affect this renal 

vasodilatation in man (Goldring, Chasis, Ranges & Smith, 1941) and in 
dogs (Hiatt, 1942). Because of the difficulty of ensuring a complete 
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Fig. 1. Maximum increase in renal plasma flow as a percentage of the control 
value, plotted against maximal rectal temperature rise. Open and filled circles, 
results after intrathecal and intravenous injections of pyrogen into normal dogs. 
Filled and open triangles, results after intrathecal and intravenous injections into 
dog with transplanted kidney. 
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sympathectomy, observations have been made on a dog which had one 
kidney auto-transplanted to the pelvis and a contralateral nephrectomy 
(Dempster, 1954). ‘Effective’ renal plasma flow was measured by P.A.H. 
clearance and all measurements were made with the animal unanaesthet- 
ized, except for a brief period of anaesthesia (thiopentone 15 mg/kg) 
to permit cisternal puncture to be carried out. The pyrogen used was a 
lipopolysaccharide obtained from S. abortus equi (‘Pyrexal’, Wander) in 
doses of 0-05-0-08 ug/kg. Intravenous or intrathecal injection of this 
pyrogen caused fever and an increase in ‘effective’ renal plasma flow; 
the increase was similar to that observed in normal dogs in the same 
circumstances (Fig. 1). 

When the body temperature of the dog was similarly raised by environ- 
mental heating, the ‘effective’ renal plasma flow was reduced, though the 
haematocrit rose. Renal blood flow, calculated from these values, was 
reduced. The arterial pressure was unaffected. It is clear that the renal 
vasodilatation was independent of the integrity of the nerves to the kidney, 
and that it could not be attributed to the elevation of temperature alone: 
a further search for a humoral agent is indicated. 
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Release of acetylcholine from the cerebral cortex and the 


cerebellum 


By J. F. Mrrcnety. A.R.C. Institute of Animal Physiology, —., 


Cambridge 


The suggestion that acetylcholine (ACh) is associated with nervous - 


activity in the cerebral cortex is supported by the experiments of Mac- 
Intosh & Oborin (1953) who demonstrated the release of ACh from the 
eserinized cortex of cats and found that the amount released was directly 
related to the electrical activity. They also found that atropine (1-5 mg/kg) 
increased the output of ACh (personal communication). In the present 
experiments these observations of MacIntosh & Oborin have been ‘con- 
firmed on sheep and cats and extended in an attempt to establish the site 
of ACh release and the factors influencing its release. 


Perspex cups enclosing 0-8-3-0 cm? of the exposed cortex were filled with — 


0-5-1-0 ml. of Ringer—Locke solution containing eserine (10-4 g/ml.) and 
the solution left in contact with the brain for 10-30 min. The samples were 
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assayed for ACh, with suitable controls, on the frog rectus or cat blood- 
pressure preparations. Throughout the experiments an integrated form 
of the electrical activity of the cortex was used to monitor anaesthesia 
and to assess the total activity during the collection of samples. 

During medium cyclopropane or ether anaesthesia the ACh release from 
the cortex of cats and sheep, after atropine, was 0:11—1-0 x 10-® g/min/cm? 
cortex and during light anaesthesia the output rose to 1-5-3-5 x 10-* g. 
The release was approximately doubled during convulsive activity induced 
by leptazol (150 mg/kg) reaching 4-8—5-0 x 10-* g in some animals. 

The release from both sides of the cortex was similar and localized 
electrical stimulation of one side increased the output on both sides two 
to four times; this increase was affected by changes in the stimulus fre- 
quency. Stimulation of the white matter below the collection area also 
raised the ACh output. The cortical origin of the released ACh is suggested 
by experiments in which samples were collected after removing the cortex 
and after local cooling of the cortex; both procedures greatly reduced or 
abolished the release. 

Small amounts of ACh, 5-20°% of those collected simultaneously from 
the cerebrum, have been detected in samples from the surface of cerebel- 
lum; the release from this region, like that from the cerebrum, is increased 
after leptazol. 

The possibility that a large proportion of the ACh released from the 
cortex was carried away in the blood was investigated in eserinized animals 
by sampling blood from the sagittal sinus, or in sheep by direct cannulation 
of cortical veins. The blood samples obtained did not contain ACh in 
detectable amounts (> 1-0 x 10-8 g/ml.). After death, the ACh release 
fell rapidly until none could be detected after 25-70 min. 


REFERENCE 
MacInross, F. C. & Onortn, P. E. (1953). Abstr. XIX int. physiol. Congr. 580-581. 


The foetal haemoglobins of mice 


By J. Barrowman and K. B. ROBERTS. Department of inert 
University of Edinburgh 


In mammals, the change from the foetal to the adult type of haemo- 
globin usually coincides with birth, although small quantities of adult 
haemoglobin may be present in uterine life and small quantities of foetal 
haemoglobin may persist for a period after birth. 

The haemoglobins of foetal, new-born and adult mice have been studied 
by electrophoresis, using the starch gel techniques described by Smithies 
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and modified by Poulik (1957). The haemoglobins are examined in the 
cyanmethaemoglobin form and the gel stained with o-dianisidine. In 
certain strains of mice, such as (57.Bl.6J., a single haemoglobin may be 
found in the adult blood, while in other strains, such as CBA, three distinct 
haemoglobins separate out. 

The haemoglobin of the late foetal or the new-born animal of the 
C57. Bl.6J. strain appears identical to that of the adult, but if foetal 
blood is taken at 15 days of uterine life then an extra slow-moving com- 
ponent may be seen in the gel. At 12 days a third haemoglobin is present 
and at this stage the characteristic haemoglobin of the adult is consider- 
ably diminished in amount. The replacement of a foetal by the adult type 
of haemoglobin therefore occurs, in this strain of mice, not at birth but at 
about 2 weeks of intra-uterine life. 

A similar change is seen in CBA mice. In the early foetus (before 
15 days), the two fast-moving haemoglobins are present in very reduced 
amounts, whilst the third, slow-moving component is present in increased 
amounts. After the 16th day, the pattern becomes indistinguishable from 
that of the adult. It is again seen that the change from the foetal to the 
adult pattern does not coincide with birth but takes place two-thirds of 
the way through pregnancy. This may be associated with the transition 
from circulating nucleated to non-nucleated erythrocytes which occurs 
at about the same stage of development (Attfield, 1951). 


_ Some of this work was carried out by one of us (J. B.) in the Roscoe B. Jackson Labora- 
tory, Bar Harbour, Maine, while in receipt of a National Science Foundation grant. 
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Absorption and secretion of electrolytes in the stomach of the 
rabbit foetus i 


By G. H. Wricur. Department of Physiology, St Mary’s Hospital Medical 
School, London, W.2 | 


The experiments were carried out in vitro on stomachs from 19 to 31 days. 


gestation age. A glass cannula was tied into the oesophageal stump and 
the duodenal stump was tied off. The stomachs were filled with the 
experimental solutions through the cannula. The stomachs were then 
immersed in bicarbonate-Ringer at 35°C and pH 7:4. The experiments 
lasted from 3-6 hr. | 

Net changes in volume of gastric contents were measured as well as 
changes in amount of Na, Cl and H, which was measured as titratable 
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acid. The electrical potential difference (p.d.) between the gastric contents 
and the bathing solution was also measured. 

When the stomachs were filled with Ringer’s solution there was found to 
be a p.d. across the gastric epithelium of 15-30 mV (lumen negative). This 
p.d. was unaltered in sign and magnitude if the internal Ringer’s solution 
wasreplaced by 150mm-NaCl. When the internal Na was replaced by choline 
the p.d. fell in a manner dependent upon gestation age. Thus up to 23 days’ 
the p.d. fell to zero when choline replaced Na. However, after 23 days the 
p.d. only fell to about 30% of its initial value. These effects were quite 
reversible. 

When the internal solution was 150 mm-NaCl there was a decrease in 
volume of gastric contents and amount of Na and Cl. This occurred at all 
ages studied. When choline replaced Na there was no volume change 
observed in stomachs up to 23 days, although a decrease in amount of 
Cl:'took place due to passage of this ion down its electrochemical potential 
gradient. From 23 days onwards there was an increase in volume of con- 
tents and amount of H and Cl when choline replaced Na inside. With 
150 mm-NaCl inside there was still an increase in amount of titratable 
acid although Na, Cl and volume of contents decreased. 

It was found that all net transfers of Na out of the stomachs occurred 
against the gradient of electrochemical potential for this ion. Similarly, 
all net transfers of Cl into the stomachs under conditions of no Na inside 
took place against the electrochemical potential gradient. 

When net water transfer is plotted against net solute transfer a straight 
line of slope 332 m-osmole/kg water passing through zero is obtained for 
stomachs of all ages studied. 

Thus from 19 to 23 days the foetal stomach is solely absorptive i in func- 
tion, the primary process being active outward transfer of Na at a rate of 
about 0-8 » equiv/hr at 23 days and 18 yp equiv/hrat29days. After 23 days 
HCl secretion is superimposed on the absorptive process, active inward 
Cl transfer being involved at a rate of about 1-6 » equiv/hr (at 29 days), 
All water transfer is accounted for by solute transfer. 

Menzies (1958) has shown that the only cell type present up to 23 days 
is an undifferentiated columnar cell, the oxyntic cells appearing on the 
23rd day onwards. Thus active Na absorption must be associated with the 
former cell type and HCl secretion with the latter. 


This work was assisted by a grant from the Central Research Fund, University of 
London. 
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Viability of mouse bone marrow frozen to — 79°C in the presence 
of dimethyl sulphoxide 


By M. J. AsHwoop-Smiru. Division of Experimental Biology, National 
Institute for Medical Research, Mill Hill, London, N.W.7 


Mouse, rabbit and human bone marrow has been preserved at — 79° C 
in presence of glycerol and subsequently administered to irradiated ani- 
mals (Ferrebee, Billen, Urso, Lu, Thomas & Congdon, 1957; Lochte, 
Ferrebee & Thomas, 1959). Viability of the thawed specimens was assessed 
in vitro by measuring DNA synthesis. The ability of preserved marrow to 
- gynthesize DNA was correlated with survival of erythroid cells. Glycerol- 
treated mouse marrow showed a 90% reduction in DNA synthesis after 
freezing. 

Bovine erythrocytes are not permeable to glycerol and are not protected 
by it from haemolysis during freezing and thawing. They are permeable 
to dimethyl sulphoxide which protects them from the damaging effects 
of freezing to —79°C. Human erythrocytes and bull spermatozoa are 
similarly protected (Lovelock & Bishop, 1959). Since then no further 


studies on protection by dimethyl sulphoxide of living cells at subzero — 


temperatures have been reported. 

The toxicity of dimethyl sulphoxide administered intraperitoneally to 
mice proved low, almost half that of glycerol (Ashwood-Smith, 1960). 
Mouse bone marrow has therefore been treated with dimethyl sulphoxide 


and stored at —79° C for future administration to irradiated mice. Via- . 


bility of the frozen cells has been studied in vitro by morphological and 
biochemical methods. 

The marrow was obtained from femurs of mice of the ‘TO’ strain and 
suspended in Parker ‘199’ tissue culture medium containing 30% horse 
serum and varying concentrations of dimethyl sulphoxide up to 15 % (v/v). 
Samples containing about 10 x 10° nucleated cells in 1 ml. were sealed in 
ampoules and cooled slowly to —79°C. After 1 hr at this temperature 
the samples were thawed rapidly at 37° C and examined by phase contrast 
and ultra-violet fluorescence microscopy on slides coated with agar con- 
taining .Karle’s solution and serum. Under these conditions cells spread 
out and became actively motile within 30 min at 37°C. Acridine orange 
at a concentration of 1:40,000 was used for the fluoresence studies of the 
living cells. Marrow frozen in the absence of dimethyl sulphoxide appeared 
grossly abnormal. Nuclei were pyknotic in many cells and others had lost 
all their cytoplasm. The more mature cells of the myeloid series were 
particularly susceptible to damage. By contrast, a high proportion of cells 
frozen in the presence of dimethyl sulphoxide in concentrations up to 
15% were morphologically normal and moved actively. | 
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Synthesis of protein and lipid depended upon the presence of intact, 
living cells. Marrow which had been homogenized, or frozen in the 
absence of dimethyl sulphoxide, showed no incorporation of 14C into 
either the lipid or protein fractions when incubated in Parker ‘199’ con- 
taining (1-'*C) sodium acetate. Marrow cells frozen in Parker ‘199’ 
containing dimethyl sulphoxide gave incorporation rates up to 50% of 
control values depending on the concentration of dimethyl sulphoxide. 
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The action of local anaesthetics on the action potential of frog 
sartorius muscle fibres 


By M. H. Draper and K. Karzex. Department of Physiology, University 
of Edinburgh 


_ Frog sartorius muscles left in Ringer’s solution (114 mm-Na) maintain 

their resting potential for at least 6 hr at 16°C. Cocaine, procaine and. 
xylocaine produce a slow reversible depolarization of about 5 mV per hr 
with 5 mM concentrations (Draper, Friebel & Karzel, 1959; Friebel, Draper 
& Karzel, 1960). In the present studies the mean resting potential of twenty 
fibres in the companion muscle was measured after each series of action- 
potential determinations. This precaution eliminated uncertainties due 
to the possibility of the development of large tip potentials during the 
experiment (Adrian, 1956). 

In view of our experience with the constancy of the membrane potential 
in resting muscle we were surprised to observe that a far wider variation — 
in resting potential was found in stimulated muscles. The possibility of 
damage to the membrane by impalement during contraction was tested — 
by measuring the mean resting potential before and after a period of 
stimulation at 1/sec. It was found that 10 min of such stimulation 
reduced the mean resting potential by 5-10 mV and that recovery was 
a matter of hours. If the number of stimuli to any fibre was kept to two 
or three it was possible to sample ten to fifteen action potentials in a 
muscle with no demonstrable change in mean resting potential. With these 
precautions the mean magnitude observed was 130+0-8mV (+8.£. 
n = 28) with a mean overshoot of 42+0-7 mV. Muscles left for 4 hr in 
Ringer’s solution had a significantly reduced overshoot. 

No essential difference in action was found between cocaine, procaine 
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and xylocaine. The time elapsing from the addition of the drug to the 
first observation was about 5min. By this time, with 1 mm drug, the 
rate of rise of the action potential was greatly slowed, the overshoot was 
less than 10 mV and the duration, measured at 80% repolarization, was 
increased from 2 to 6 msec. These changes slowly progressed until the 
muscle became inexcitable, usually within 1 hr. Just before this, action 
potentials of 30 mV or less with a duration of 10 msec were observed. 
The resting potential was usually greater than 80 mV at this time. These 
changes are similar to those described for a much lower dosage (0-05 mm) 
in Purkinje fibres, except that the duration of the Purkinje fibre action 
potential was shortened (Weidmann, 1955). 
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Identification of efferent neurones in the reticular formation of the 
medulla 


By J. H. Woustencrort. School Medicine, Leeds 2 


Comparison of bradykinin with other vasodilators in man 


By R. H. Fox, R. Gotpsmitn, D. J. Kipp and G. P. Lewis. Division of 


Human Physiology and Division of Physiology and Pharmacology, N ational 
Institute for Medical Research, London, N. W.3 


Cardiovascular response to exercise in the intact dog a“ its 
modification by atropine 


By M. J. ALtwoop, E. W.0O. Keox, R. J. MaRsHALL and J.T. SHEPHERD. 
Mayo Clinic and Mayo Foundation, Rochester, Minn., U.S.A. 
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A simple technique for recording the electrocorticogram in small 
animals 


By B. J. Kny and E. ane? Department of Experimental Psychiatry, 
Medical School, Birmingham, 15 


Standard techniques, such as that of Bradley & Elkes (1953) used for 
recording cortical electrical activity of adult animals are unsuitable in the 
young animal because the skull is too thin to support screw electrodes. — 
Wire electrodes have been employed with young animals but have been 
restricted so far to acute experiments in which either the cerebral hemi- 
spheres have been exposed, the electrodes placed —_ or the 
animal restrained. 

The technique described here enables behaviour ad electrocortical 
activity to be observed simultaneously, and is particularly suited for 
chronic studies in young or small adult animals. The electrodes used are 
light and flexible, and are of a simple type which can be made rapidly. One 
disadvantage of most electrodes used for recording the electrocorticogram 
is that cortical damage may occur at the point of electrode insertion, which 
_ is also the recording site. In this method recording is remote from the 
point of insertion and damage. The operative procedure is straightforward 
and the preparation can be completed in approximately 30 min. The 

_ technique has been used to record the electrocorticogram before and after 
_ the administration of drugs, of conscious, unrestrained guinea-pigs, chicks 
and kittens of 1 day or older. 

The guinea-pigs were anaesthetized with tribromoethanol 150 mg/kg, 
and the kittens by an intraperitoneal injection of pentobarbitone sodium 
20 mg/kg. The guinea-pigs and kittens also received a dose of 0-25 or 0-5 mg 
of promazine by the same route. The chicks were anaesthetized with ether 
by means of a small face mask and the scalp was infiltrated with local 
anaesthetic (Xylotox, Pharmaceutical Manufacturing Co.). In all animals 
_@ mid-line incision was made with aseptic precautions and the underlying 
aponeurosis was divided and reflected to the sides. The periosteum was 


- * Nuffield Foundation Medical Fellow, and B.M.A. Walter Dixon Memorial Scholar. 
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carefully scraped off the parietal bone except in the mid-line region because 
of the risk of opening the sagittal sinus. Two or three holes were then 
drilled through the parietal bone with a No. 1 round dental burr, 1-2 mm 
on each side of, and parallel to the mid line. A hole was also drilled through 
the frontal bone to take an earth electrode. The dura was pierced with a 
needle and the recording electrodes were inserted through the drill holes 
in the skull and directed laterally for 2-15 mm under the dura. 

The recording and earthing electrodes for the chick and guinea-pig were 
made from 20 in. (50 cm) lengths of ‘Diamel’-coated 0-004 in. (0-1 mm) 
diameter nickel-chromium wire (Johnson, Matthey & Co. Ltd.). The tips 
were bared for 1 mm and bent upon themselves. The electrodes for the 
kittens were essentially of the same design, but only 3 in. (7-5cm) long 
and made from 0-012 in. (0°3mm) diameter ‘Diamel’-coated silver wire 
(Johnson, Matthey and Co. Ltd.). 

The electrodes were sealed into place with ‘Simplex’ auto-polymerizing 
acrylic resin (Dental Fillings, Ltd) and led over the skull to a central point 
where they were numbered and twisted together to form a cable. A layer of 
resin was applied over the wires overlying the skull and also built up around 
the cable to form a small pillar. 

Penicillin powder was sprinkled over the wound and the skin defect 
sutured. Normal saline (3-5 ml.) was injected intraperitoneally into the 
guinea-pigs and kittens and 0-25 ml. of benethamine penicillin given intra- 
muscularly. All animals recovered in a thermostatically controlled box 
kept at 24° C, 

For bipolar recording the free ends of the wire electrodes were bared 
and connected via a junction box to an Edison Swan 4-channel portable 
electroencephalograph. The animals were usually kept for 2—-7 days. 

No previous recordings seem to have been taken from the surface of the 
brain in conscious, unrestrained young chicks, kittens or guinea-pigs. 


REFERENCE 
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The investigation of chemoreceptor responses from the perfused 
carotid body in the cat 


By N. Jozts, E. Nem and B. Vauauan Hupson. Department of Physiology, 
Middlesex Hospital Medical School, London, W. 1 


The vascularly isolated carotid body of the anaesthetized cat has been 
perfused with fluids of known chemical composition, equilibrated with 
predetermined gas tensions, using the apparatus illustrated. Krebs- 
Henseleit solutions equilibrated with various gas tensions are stored in 
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5 ml. pipette 
Rubber seal 
Water 
outlet 
Perspex tube 


Stainless steel 
tubing 


Pump 
Heater 
Water inlet 
Rubber seal 
5-way tap 
I Side arm for Channel for 


replenishing fluids heating water 


3-way tap 


Cannula 


P Fig. 1. The perfusion apparatus. 
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four 5 ml. pipettes, the upper ends of which are drawn out to minimize 
gaseous diffusion. The solutions contain sufficient Dextran to provide an 
adequate colloid osmotic pressure. Vertically mounted stainless-steel tubes 
180 om long and 2-5 mm diameter conduct the fluids from the pipettes to 
a tap assembly. These long tubes ensure an adequate hydrostatic pressure 
for the perfusion. The tap assembly was machined from a block of German 
silver, 7°5 cm x 2-0 cm x 2-0 om. Channels in the block lead from each tube 
to a tap which permits the selection of any requisite perfusate. The fluid 
subsequently emerges from the block through a cannula inserted in the 
common carotid artery. A T-tap on this pathway allows replenishment of 

The steel tubes are encased in a cylindrical Perspex water jacket of 
4 cm internal diameter. The water is heated electrically in a separate tank 
remote from the rest of the apparatus to obviate electrical interference. 
A thermostat holds the temperature at any desired level—commonly 
38°C. An electrically driven gear pump circulates this warm water 
through the water jacket and also through channels drilled in the tap 
assembly block. 

This apparatus permits the investigation of the effects of drugs and of 
changes in gaseous tensions upon the carotid chemoreceptors. Changes of | 
glomus cell metabolism are signalled by changes in the impulse traffic 
recorded in single or few-fibre chemoreceptor preparations of the sinus 
nerve. The action potentials, led off by saline-wick electrodes to a resistance- 
capacity coupled amplifier, are displayed visually on an oscilloscope; an 
audible record of the impulse activity is simultaneously provided by a 
loudspeaker. 


We are indebted to Mr H. W. Ead for the construction of the tap assembly and to Mr W. A.T. 
Cheeseman and Mr J. W. Phillpot who constructed the other portions of the apparatus. 


Afferent impulses in human cutaneous nerve fibres 
By H. Hensex. Department of Physiology, University of Marburg, Germany 


The subject’s arm is fixed in a metal holder and the superficial branch of 
the radial nerve exposed under short general anaesthesia. The experiment 
proper is performed in the conscious subject. After selecting a suitable 
receptive field by means of electrical stimulation, a thin branch of the 
nerve is isolated, proximally cut and split up into thin filaments. Single- 
fibre responses are recorded during mechanical and thermal stimulation of 
the skin. Specific mechanoreceptors in the hairy and non-hairy skin, 


specific cold receptors and non-specific receptors, excited by both cooling 
and pressure, have been found. 3 
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experimentally produced absence of the optic chiasma in the chick 


By P. H.8. Sirver. Department of Anatomy, Middlesex Hospital Medical 
School, London, W. 1 


These experiments were carried out on the chick embryo at the 10-12 
somite stages (ca. 40 hr incubation) before the development of nerve 
fibres in the nervous system, and were part of a series concerned primarily 
with a study of the chondrocranium. The ventral edge of the anterior 
neuropore was excised along with the tissue immediately caudal to it as 
far back as the tip of the notochord. Development then proceeded — 
until termination between the 7th and 10th days. 


Fig. 1. Normal optic chiasma: complete decussation. 


On section the optic chiasma was seen to be absent. In the normal chick 
all the optic nerve fibres cross to the contralateral side, but in the experi- 
mental material the fibres were deflected into the optic tract on the ipsi- 
lateral side. From thence they appeared to make the anticipated connexions 
in the brain. | 

Such embryos, allowed to hatch out, should provide preparations for 
assessing one example of the functional importance or otherwise of 
the establishment of normal, anatomical connexions in the central 


‘Rervous system, or of the degree to which ‘physiological regulation’ can 


occur, 
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The experiments were carried out in a specially constructed operating 
incubator with controlled temperature and humidity. This apparatus will 
be demonstrated. 


Fig. 2. Absence of decussation in experimental embryo (8th day). 


A method for simultaneous resolution of horizontal, vertical and 
rolling components of eye movements recorded on ciné film 


By W. T. Free and G. M. Jonus.* R.A.F. Institute of Aviation Medicine, 
Farnborough, Hants 


A semi-automatic film analyser has both simplified and increased the 
versatility of a previously described ciné technique for measurement of eye 
movement (Free & Jones, 1959). A projected photograph of the iris is 
thrown upon a circular disk having radially disposed iris marks sketched 
upon it. The disk is mounted on the spindle of a rotary potentiometer (70° 
excursion ; 0:1° resolution) the body of which is fixed to a platform attached 
to the free arm of a draughting head (Fig. 1). The platform is thus free to 
move, without rotating, over the drawing board to which the draughting 
head is attached. Also fixed to the platform are two linear potentiometers 

* External Staff, Medical Research Council. 
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(6 in., 15 cm, stroke; 0-001 in., 0-025 mm, resolution) arranged at right 1 
angles to one another, the free ends of which are constrained to move q 
along sliding mounts on the drawing board. 


Sliding mount 


~ ~Disk attached to 
_  fotary potentiometer 


potentior 


Fig. 1. Resolving head of the analyser. 


By choosing suitable rectangular co-ordinates and aligning the sketched 
disk with the iris image for each ciné frame, the outputs from the three 
potentiometers can be made to follow the three components of eye move- 
ment from one frame to the next. These outputs are relayed through 


which has been replaced by a pulsing unit operating synchronously with 
the single frame ciné projector pulsing system. By flashing the recorder 
lamp with an appropriate time switch, the position of each galvo can then 
be recorded for each frame, and the final record emerges as three traces 
each composed of a series of spots. Measurements are accurate to approx. 
+ 1° in the rolling plane and + 0:5° in the horizontal and vertical planes for 
movements within 20° of a central datum. 


REFERENCE 
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Observations on the location of acid phosphatase and esterases 
in the ovary of the albino rat during the oestrous cycle 


By R. P. Goutp and 8. J. Hour. Department of Anatomy and Courtauld 
Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


The cyclical histological changes in the rat ovary provide good material 
for the study, by cytochemical staining techniques, of enzymic changes 
accompanying physiological growth and destruction of cells and tissues. 


Fig. 1. Se ..on of rat ovary stained to show the typical distribution of esterases in 
Graafian fol. cles (gf), atretic follicles (af), mature corpora lutea (mel), degenerating 
corpora lutea (del), and corpora albicantia (ca). No counterstain. The distribution . 
of acid phosphatase is essentially the same. 


A modified Gomori technique (Holt, 1959) for demonstrating acid phos- 
phatase activity, and the indoxyl method (Holt, 1958) for esterases were 
applied to 7:5 » frozen sections of formol-calcium fixed rat ovary. The 
sites of both enzymes were found to be almost indistinguishable. 

The enzymes were demonstrated in the granulosa cells at all stages in 
the development of the Graafian follicles (Fig. 1). During maturation the 
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activity of both enzymes increased in the cells of the follicle wall. No | 
activity was found in the developing ovum. 

Cells of atretic follicles showed intense acid phosphatase and esterase 
activity. Increasing activity of both enzymes was found in corpora lutea 
as they underwent atrophy and necrosis, but, in this case, the enzymes 
were present in the macrophages which invade the degenerating structures. 

Corpora albicantia show enzyme activity at their centres, but as fibrosis 
occurs the activity gradually disappears. 

The results for acid phosphatase are consistent with the view that 
physiological autolysis is brought about by a group of hydrolytic enzymes, 
amongst them acid phosphatase, associated with special cytological 
granules called lysosomes (de Duve, 1959). The occurrence of esterases and 
acid phosphatase together in the degenerating structures contributes a signi- 
ficant example to a growing body of evidence, based upon application of 
the esterase technique used here, that certain esterases may also be present 
in lysosomes. 
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Vagal efferent activity in the cat 


By J. H. Green and P. F. Hurrron. Department of Physiology, Middlesex 
Hospital Medical School, London, W.1 


Changes observed in the human plasma kinin 1 forming? “System 
during labour 


By Armstrona, C. A. and J. W. Department 
of Pharmacology, Middlesex Hospital Medical School, London, W.1 


Lung blood volume changes to hypoxia in isolated perfused cats’ 

lungs 

By N. Duet, J. R. and W. Rouss. Department of 

Physiology, Royal Pree. Hospital School of Medicine, London, W.C. 1 
Cats’. isolated lungs were perfused at constant volume inflow (30- 

65 ml./kg/min). with- the animals’ own heparinized blood (Duke, 1951). 

Ventilation was effected by intermittent constant-peak positive pressure 


* Now at the Department of Physiology, Middlesex Hospital Medical School, London, W. 1. 
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(5-10 cm H,O), with an expiratory resistance of 1-2 om H,O. The pul- 


‘monary arterial pressure (P.4.P.) and changes in the volume of blood in the 


venous reservoir were recorded. The total circulating blood volume (T.B.v.) 
in the apparatus and lungs was measured at the beginning and end of 
eachexperiment by a T. 1824 (Teepol-acetone plasma extraction) technique. 
The lung blood volume (L.B.v.), estimated by subtracting the volume of 
blood in the apparatus from the T.B.v., was 9-4 ml./kg body wt. (8.D. + 2°8, 
19 expts., 36 determinations). 

The venous reservoir blood volume decreased continuously with time 
in each experiment, but no significant changes in T.B.v. were found. Thus 
the L.B.V. increased with time, and the decrease of blood from the venous 
reservoir could not be due to loss of fluid by oedema or other factors. 

In 69 tests (15 expts.) the ventilating gas mixture was changed from 
air to N, for periods of 8-15 min. A pulmonary arterial pressor response, 
reversible on reventilation with air, was produced in 65 of these tests. The 
L.B.V. usually increased during N, ventilation, the mean rate of increase 
being 0:34 ml./min (+ 0-20 ml./min; 69 tests, 15 expts.) compared with 
0-065 ml./min (+ 0-047 ml./min; 17 expts.) during ventilation with air. 
These two rates are significantly different (P < 0-01). ; 

In contrast to the effect of hypoxia on the P.a.P. the effect on the L.B.Vv. 
was never completely reversible. There was no relationship between the 
percentage increase of P.a.P. and the increase of L.B.Vv. 

These results indicate that in the pulmonary vascular bed an increased 
resistance to perfusion can occur simultaneously with an increase of blood 
volume. The former effect is most probably due to an active vasocon- 
striction, the latter effect could be due to an active vasodilation or to a 


_ passive dilatation of blood vessels proximal to those which are constricted. 


The lack of relationship, both in time and in magnitude, between the. 


pulmonary pressor response ‘to hypoxia and the increase in lung blood 


volume suggests the response of at least two different sets of vessels. ° 
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Respiratory response to the injection of carbon dioxide, gas into 
the pulmonary artery of the cat | 


By C. J. Dickinson, J. H. Green and J. B. L. Howzt.. Departments of 
Medicine, Physiology and Pharmacology, Middlesex Hospital Medical 
School, London, W. 1 | | 

The injection of 0-1-1 ml. of carbon dioxide gas into the right ventricle 
and pulmonary artery of cats, anaesthetized with sodium pentobarbitone 
or chloralose and urethane, results in a transient apnoea (Fig. 1.4), which 
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is not seen when a corresponding volume of oxygen or nitrogen gas is 
injected (Fig. 1.8). This apnoea appears to be a reflex originating from 
receptors in the lungs sensitive to carbon dioxide. It is abolished by the 
intravenous injection of acetazolamide sodium (Diamox). It is not pro- 
duced by the injection of an equivalent amount of n/10 HCl. 


Fig. 1. Records from above downwards: respiration, expiration upwards, recorded 
with intratracheal pressure tambour; signal marker and time in 12 sec intervals. 
At A 0:5 ml. CO, gas injected into right ventricle. At B 0-5 ml. O, gas injected into. 
right ventricle. 


The effect disappears following vagal section or vagal cooling in the neck. 
The pathway has been localized to the pulmonary branches of the vagus 
and the effect disappears when these branches are cut. The receptors 
appear to lie distal to the main trunk of the pulmonary artery. 


The effect of some sympathomimetic amines on electrocortical 
activity and behaviour of young and adult animals 


By B. J. Kny and E. Department of Experimental Psychiatry, 
Medical School, Birmingham, 15 


In adult animals the sympathomimetic amines given intravenously 
produce behavioural and electrocortical arousal; given intracisternally the 
catechol amines elicit a sleep-like state (Leimdorfer, 1950) as they do after 
intraventricular injection (Feldberg & Sherwood, 1954) possibly due to 
penetration to regions of the brain normally prevented by the blood-brain 

* Nuffield Foundation Medical Fellow and B.M.A. Walter Dixon Memorial Scholar. 
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barrier. Drowsiness follows doses of catechol amines to fowls (Clymer & 
Seifter, 1947; Zaimis, 1960). The blood-brain barrier is absent in new-born 
kittens and chicks, but not guinea-pigs (Waelsch, 1955). The effect of the 
sympathomimetic amines on the young and adult of these three species 
was therefore compared. 

In 1- to 28-day chicks, electrocortical slow wave activity and drowsiness 
followed the intravenous injection of amines (Group 1) with two -—OH 
groups on the aromatic nucleus, or amines with one —OH group on 
the benzene ring and one —OH on the f-carbon atom of the side chain. 
By the fourth week of life, the Group 1 amines produced a transitional 
electrocortical pattern (alternation of slow wave and fast activity). 
At the third month they elicited behavioural and electrocortical arousal 
as in the adult. Group 1 amines were without effect in the new-born kitten, 
but produced sleep and intensification of intermittent electrocortical slow 
wave activity by the third week of life, after which behavioural and 
electrocortical arousal occurred. 

Sympathomimetic amines with one —OH group on the benzene ring or 
one —OH on the f-carbon atom (Group 2) had equivocal effect on electro- 
cortical activity or behaviour until the fourth week in the chick or maven, 

but produced arousal in the adult. | 
Phenylethylamines with no —OH group on the benzene ring or side 
chain (Group 3) produced behavioural and electrocortical arousal in the 
chick and kitten from birth. In the new-born chick or kitten the central 
action of amphetamine-like drugs cannot therefore be mediated through 
adrenaline receptors or by the local release of adrenaline or noradrenaline. 
In contrast, the new-born guinea-pig responded like the adult hen or cat 
in that behavioural and electrocortical arousal were produced by all groups 
of amines. 

The composition of the three groups of sympathomimetic amines is 
similar to that proposed in classifications for their effect on the cat’s 
denervated nictitating membrane (Fleckenstein & Burn, 1953), denervated 
iris (Marley, 1960) and the rat’s isolated stomach strip (Vane, 1960). This — 
parallelism of structure activity relations for sympathomimetic drugs on 
smooth muscle or central receptors exists only for the young chick or kitten 
and not for the adult or guinea-pig. This may relate to the likely per- 
meability of the blood-brain barrier to the three groups of amines in the 
young chick or kitten, but only to Groups 2 and 3 in the adult. 
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An exchange of structurally bound phosphate during contracture 
of skeletal muscle 


By D. F. Cumesman and Hitton. Department Physiology, 
Bedford College, London, N.W. 1 


When the rectus abdominis muscles of the frog are minced finely, 
extracted with 0-05mM-Na,CO,, 0-05m-NaHCO, for 30 min and with water 
for 2 hr at 0° C, and dried with acetone, the product has a phosphorus 
content of 2-0+0-4yug/mg. This phosphorus becomes labelled when the 
intact muscles are incubated with oxygenated Ringer’s solution containing 
%P orthophosphate. No significant part of the activity is extracted from 
the acetone powder with fat solverits. The greater part of the phosphorus, 
and of the activity, is retained by the powder after extraction with 0-1N- 
HCl for 2 days at 5° C. This indicates that the phosphorus is not held by 
adsorption. Paper chromatograms of trichloroacetic acid extracts of the 
powder show traces of adenosine diphosphate and relatively large amounts 
of orthophosphate. The activity is all in the latter fraction. 

Pairs of recti from the same animal were incubated under a small load 
with **P-Ringer for 1 hr at room temperature and washed with unlabelled 
Ringer’s solution. Contracture was induced in one of each pair by replacing 
the Ringer’s solution with isotonic KCl. After 1 min the muscles were 
minced, extracted and converted to acetone powders as described above. 
The specific activity of the bound phosphate in the powder from the 
stimulated muscle was found to be at least 50°% lower than in that from 
the unstimulated control; the absolute contents of phosphate were not 
significantly different in the two powders. 

Similar results were obtained in experiments where contracture of 
eserinized muscles was brought about with acetylcholine {0-05mm). 
If relaxation followed contracture in such experiments, this usually re- 
sulted in an increase in the specific activity of the bound phosphate in 
relation to that of the control. 3 

These findings suggest that when the ae contracts, the bound 
phosphate, previously labelled by exchange with the high-energy phosphate 
pool, is displaced by phosphate groups from a source with lower specific 
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activity. Fleckenstein & Janke (1957) have reported that the phospho- 
creatine of the amphibian rectus abdominis shows a lower degree of 
labelling than does the adenosine triphosphate after incubation for 30 min 
at 20° C with %P orthophosphate. The same authors (1953) have shown 
that phosphocreatine, but not adenosine triphosphate, is broken down in 
- contracture with KCl. It may well be, therefore, that phosphocreatine acts 
as a direct source of groups for phosphorylation of the contractile proteins 

during muscular activity. 
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The immediate effects of added elastic loads on breathing 


By E. J. M. C. J. Dickinson, 0. P. and J. B. L. 
Howe... Departments of Medicine, Anaesthetics and Pharmacology and the 
Institute of Clinical Research, The Middlesex Hospital Medical School, 
London, W.1 


The breathing of conscious and anaesthetized subjects was loaded for 
periods of five breaths by making the subject rebreathe from closed empty 
rigid oil drums. The range of drum sizes provided added elastances of 
4-75-46 cm H,O/l. Tidal volumes were calculated from measured changes 
of pressure in the circuit. Changes in the tension developed by the 
inspiratory muscles during the respiratory cycle were implied from 
thoracic elastances and changes in mouth pressure between the ends of 
inspiration and expiration. 
The added loads caused a decrease in tidal volume on the first breath but 
& progressive increase in tidal volume and implied inspiratory muscle 
tension during the following breaths. End-expiratory lung volume fell. 
Similar experiments were performed on rabbits with the isolated 
diaphragmatic slip (Head, 1889). This preparation allowed the contraction — 
of a sample of the inspiratory muscles to be recorded, the slip itself being 
uninfluenced by the respiratory load. The addition of an elastic load caused 
an increase in the tension developed by the slip on the first loaded breath 
and a progressive increase during the next few breaths as implied in the 
human experiments. Bilateral vagotomy did not affect these responses. 
There appears to be a nervous mechanism, dependent neither on changes 
in the blood gases nor on information from the lungs transmitted in the 


vagi, which tends rapidly to restore the tidal volume when the mechanical 
load of breathing is increased. 
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Capillary permeability in the isolated perfused rat heart 


By T. M. SutHERLAND and D. A, B. Youna. Rowett Research Institute, 
Bucksburn, Aberdeen 


In the course of studies of efflux from the isolated meer rat heart it 
became necessary to ascertain the rate of clearing of the vascular com- 
partment. The conjugate of Evans Blue and bovine plasma albumin was 
chosen as a marker for this purpose. It was found, however, after loading 
hearts, pre-perfused with Krebs-bicarbonate medium, with this conjugate 
on @ perfusion circuit of the type described by Bleehen & Fisher (1954), 
that the pattern of efflux obtained was similar to that of sucrose, raffinose 
and inulin, which are known to penetrate the extravascular extracellular 
space. In addition, the amount of the conjugate held by the heart after a 
perfusion of only 2 min exceeded the size of the vascular compartment and 
required a penetration of 50-70% of the interstitial space. Pre-perfusion _ 
of the preparation with a medium to which 2 g of bovine plasma albumin 
per 100 ml. had been added, or omission altogether of the pre-perfusion 
period, did not alter the pattern of efflux. When, however, the hearts were 
loaded with the Evans Blue conjugate by injection of the animals before 
excision of the heart, the efflux of Evans Blue was extremely rapid in 
keeping with expectation for the clearing of a vascular compartment. 
There appears, therefore, to be an extensive increase in the capillary 
_ permeability of the heart attendant on excision which allows rapid pene- 
tration of the interstitial space by the conjugate when the heart is loaded 
by perfusion in vitro at 37° C. 

After injection of the antihistamine triprolidine into the eicole 
(1 mg/kg) before excision of the heart and into the perfusates (2-5 mg/ 
100 ml.) the degree of penetration for hearts loaded in vitro was much 
reduced; and with the less specific inhibitor promethazine the heart 
could be loaded with the conjugate in vitro with virtually no penetration. 
It therefore seems likely that the decrease in capillary retention is 
mediated by a factor such as histamine or 5-hydroxytryptamine; the 
greater effectiveness of promethazine as an inhibitor favouring the latter 
(Miles & Wilhelm, 1960). 

When animals injected with Evans Blue conjugate are subjected to 
severe anoxia, penetration of the interstitial space occurs to an extent 
comparable to that obtained by in vitro loading. This effect of anoxia is 
_ inhibited by promethazine intraperitoneally 100 mg/kg. 
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Bronchial circulation and pulmonary vasomotor nerve activity 


By P. R. Atxison, I. pp Buren and B. A. Waater.* A.R.C. 
Institute of Animal Physiology, Babraham, Cambridge, ane Univer sity 
Laboratory of Physiology, Oxford 


Daly & von Euler (1932) observed in isolated perfused lungs of the dog 
that consistent vasomotor responses to nerve stimulation could be obtained 
over a period of several hours provided the bronchial circulation, which 
supplies the pulmonary nerves, was simultaneously perfused. Since then 
it has been repeatedly observed that interruption of bronchial circulation 
' perfusion leads to extinction of these responses. 

More detailed information on this phenomenon has been obtained with 
left lung or lobar preparations perfused through both circulations with 
autologous heparinized blood and ventilated (positive-pressure method) 
' with 6% CO, in air or 6% CO, in O, (Daly, 1956; Daly & Waaler, 1960). 
The calculated pulmonary vascular resistance during perfusion was well 
within the range for normal dogs. The predominant response to sym- 
pathetic nerve stimulation in such preparations is an increase in pulmonary 
vascular resistance. In the present series of experiments increases in 
pulmonary vascular resistance of up to 55 and 80% resulted from nerve 
stimulation when perfusion was carried out at constant volume inflow and 
at a constant head of pressure, respectively. 

The upper thoracic sympathetic chain, the stellate ganglion or the left 
thoracic vagosympathetic nerve was stimulated (in atropinized prepara- 
tions) before, during and after interruption of bronchial circulation 
perfusion. Bronchial circulation ischaemia extinguished the vasomotor 
responses within 10-30 min. Restarting the circulation restored the 
responses to 80-100% of their initial value within approximately the 
same period of time. 

Pulmonary vasomotor responses to nerve stimulation were still obtained 
in a preparation in which the bronchial circulation was deliberately not 
perfused until 5} hr after death of the animal. 

A bronchial circulation perfusion pressure of about 40 mm Hg was 
sufficient to maintain maximal vasomotor responses to nerve stimulation in 
most preparations. 

Lowering pO, in the blood perfusate to values ranging from 26 to 
38 mm Hg reduced but did not extinguish the vasomotor responses to 
nerve stimulation in seven out of eight tests. Addition of cyanide to the 
blood extinguished the responses in about 25 min. 

The reduction in pulmonary vasomotor responses to nerve stimulation 
during bronchial circulation interruption or hypoxia observed in these 
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experiments follows a time course similar to that found for the loss of 
excitability and conduction in autonomic nerves and their ganglia under 
conditions of local ischaemia and anoxia (for literature see Heymans, 1950). 
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The influence of anoxia and hypercapnia, separately and in 
combination, on chemoreceptor impulse discharge : 


By N. Jonts and E. Nem. Department of Physiology, Middlesex Hospital 
Medical School, London, W. 1 


Although Gray (1949) asserted that anoxia and hypercapnia, acting 
together, exerted simple additive effects on the respiration of unan- 
aesthetized man, his claims have been refuted by the results of Nielsen & 
Smith (1951) and Lloyd, Jukes & Cunningham (1958). Both these groups 


found that anoxia markedly sensitized the respiratory response to a given 


increase of arterial pCQ,. 

The present experiments were designed to test whether the combination 
of anoxia and hypercapnia exerted a greater than additive effect on the 
chemoreceptor response of the perfused carotid body of the cat. In cats 
anaesthetized with pentobarbitone the carotid glomus was isolated by 
appropriate vascular ligation and was perfused via the common carotid 
artery with Krebs—Henseleit solution equilibrated with known gas mixtures. 
The perfusion fluid was provided from a reservoir; the perfusion pressure 
was 100 mm Hg and the temperature of the fluid was rigorously maintained 


at 38° C. The relevant carotid sinus nerve was cut centrally and a single- 


or few-fibre chemoreceptor preparation was made in the usual fashion. 
Impulse activity from this nerve preparation was recorded by saline-wick 
- electrodes which led via a resistance-capacity coupled amplifier to an 
oscilloscope. Four solutions were equilibrated at the following gas tensions. 
(1) pCO, 40 mm Hg, pO, 150 mm Hg; (2) pCO, 40 mm Hg, pO, 7 mm Hg; 
(3) pCO, 70 mm Hg, pO, 150 mm Hg; (4) pCO, 70 mm Hg, pO, 7 mm Hg. 
The impulse activity aroused in response to each of these perfusion fluids 
was recorded photographically. Clear evidence was obtained that the 
chemoreceptor response to the combination of anoxia and hypercapnia 
greatly exceeded that which might have been expected from the arithmetic 
summation of the effects of either stimulus acting alone. 
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Repetition of experiments of Henry, Gauer and Reeves (1956) 
on atrial volume receptors supposed to control urine flow 


By J. R. Lepsoms, R. J. Linpzn and W. J. O’Connor. of 
Physiology, School of Medicine, University of Leeds 


Recent reviewers (Smith, 1957; Neil, 1960) have accepted a theory that 
distension of the left atrium affects ‘volume receptors’ and decreases the 
rate of release of antidiuretic hormone from the neurohypophysis and 
causes diuresis. Experimental evidence for this theory was provided by 
Henry, Gauer & Reeves (1956); in anaesthetized dogs inflation of a balloon 
in the left atrium caused an increase in urine flow which has been attributed 
to decreased release of antidiuretic hormone. We have repeated the experi- 
ments of Henry et al. (1956) and although the main results are confirmed, 
additional facts have been found which make untenable the explanation 
that the diuresis is due to decreased release of antidiuretic hormone. 

The experiments were carried out as described by Reeves, Henry & 
Gauer (1956). In eighteen dogs anaesthetized with chloralose a balloon in 
the left atrium was inflated for 30 min. Atrial distension was associated 
with an increase of urine flow during twenty-two of twenty-four tests. The 
size of the diuresis was variable, but the highest flow was less than 2 ml./ 
min in all except two of the tests. On the three occasions when balloon - 
distension was continued for longer periods the diuresis was transient, 
reaching a peak after 30-50 min and then declining even when atrial 
distension was maintained. These results are similar to those described 
by Henry al. (1956). 

Urinary sodium, potassium, and ammonium were measured and the 
concentration of osmotically active solids estimated by depression of the 
freezing-point. The rate of excretion of these substances either did not 
change on inflation of the balloon or increased to a small extent compared to 
the increase in urine flow. The urinary concentration of each thus decreased 
during the diuresis. 

In five animals infusion of vasopressin (Pitressin, Parke, Davis) 
0-025 m-u./kg/min was started 40 min before inflation of a balloon in the 
left atrium and continued until 40 min after deflation. The infusion of 
Pitressin had no effect on urine flow or on the diuresis associated with 
inflation of the atrial balloon. Larger infusions of Pitressin have been 
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tested and during infusion of 0-1 m-u./kg/min distension of the left atrium 
produced a typical diuresis of about twice the control flow. When tested 
on a conscious dog, infusion of the same batches of Pitressin at 0-009 m-u./ 
kg/min completely inhibited water diuresis. 

These results show that the diuresis associated with inflation of a 
balloon in the left atrium is not due to the effect on the kidney of decreased 
release of antidiuretic hormone. 
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_ Mechano-receptors sensitive to flow in the urethra of the cat 


By T. A. Murpuy* and J. K. Topp. Institute “a Physiology, University of 
Glasgow 


Adult cats of both sexes were anaesthetized with pentobarbitone. 
Activity in single sensory units from the urethra was recorded in the sacral 
dorsal roots. Immediately beforehand the symphysis pubis had been split, 
the urethra cleared of surrounding tissue, and all branches of the sacral 
plexus cut except the branches of the pudendal nerve to the urethra. The 
sacral ventral roots were cut on each side. A fine polythene cannula, 
directed distally, was tied into the bladder neck, and connected through 
a tap to a reservoir of Ringer’s fluid. 

A steady flow of fluid along the urethra produced a sustained but quite 
irregular train of impulses in the sacral root fibres. The duration of the 
discharge corresponded closely to the period of flow: the more rapid the 
flow the greater the frequency of the discharge. With pressures up to 
60 cm H,0, the discharge varied between 5 and 20 impulses/sec. Blowing 
air through the urethra increased the discharge to 80 impulses/sec. The 
_ passage of air was audible, and therefore the flow presumably turbulent. 

_ When the urethra was tied distally and then distended with fluid, there 
_ was a brief burst of 2 to 3 impulses only at the outset. Pressure applied 
_ externally with a probe caused a similar short burst. In this way the site of 
_ the receptors could be localized to the urethral wall. Receptors were more 
- easily found in males than in females. 

_ Iggo (1956) made brief reference to a single observation of the presence 
__ of impulses in the pelvic plexus when fluid passed through the urethra. 
Histological preparations of the wall of the urethra with conventional 
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stains and also gold chloride showed Pacinian corpuscles in the outer parts 
of the wall and small lamellated end organs in the mucosa immediately 
under the surface epithelium. These have previously been described by 
Garry & Garven (1957). The small lamellated end organs resemble in 
structure the end organs described in the capsule of the knee joint by Boyd 
(1954) and identified by him as rapidly adapting mechano-receptors. 

Lamellated end organs have been described in joints, in the mesenteries, 
and along the course of blood vessels. It has rarely been possible to ascribe 
a specific physiological function to these. Reflexes are known in which the 
stimulus is flow along the urethra. It is attractive to suppose that the 
mucosal endings here described are sensitive to flow and are responsible for 
these reflexes. 

REFERENCES 
Bovn, I. A. (1954). J. Physiol. 124, 476-488. 


Garry, R. C. & Garven, H. S. D. (1957). J. Physiol. 139, 1-2P. 
Iaco, A. (1956). Abstr. XX ini. physiol. Congr., p. 458. 


Acetylcholine in cat’s spleen in relation to sympathetic nerves 


By K. W. Branpon and M. J. Rann*. Department of Pharmacology, 
University of Sydney, Australia 


Utterback (1944) found that the cat’s spleen contained no ganglion cells 
and after vagal section there were no degenerating nerve fibres. He con- 
cluded that the spleen was innervated solely by post-ganglionic sym- 
pathetic fibres. When the sympathetic nerves to the spleen were divided 
and allowed to degenerate the noradrenaline content of spleen was 
diminished (von Euler & Purkhold, 1951; Burn & Rand, 1959). We have 
now tested the effect of denervating the spleen on its acetylcholine content. 
Spleens from eighteen cats contained a mean of 0-472 ug of acetylcholine 
chloride/g (s.z. of mean 0-0517); 10-14 days after dividing all the nerves 
accompanying the coeliac artery the spleens from eleven cats contained a 
mean of 0-105yg of acetylcholine chloride/g (s.z. 0-0259). Denervation 
therefore resulted in a loss of 78% of the acetylcholine content of the spleen, 
a percentage loss which is similar to the 82% fall in the noradrenaline 
sr of the cat’s spleen after sympathetic denervation (Burn & Rand 

Burn & Rand (1960) observed a slight dilatation of the spleen in situ in 
a reserpine-treated cat when the splenic nerve was stimulated. This 
response, which was enhanced by eserine and blocked by atropine, provided 
evidence for cholinergic fibres in the sympathetic supply to the spleen. 
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In the present experiments the isolated spleen from a reserpine-treated cat 
was perfused with Tyrode solution. The venous effluent was allowed to 
_ superfuse a strip of guinea-pig ileum. When the splenic nerve was stimu- 

lated there was no contraction of the spleen and the effluent failed to con- 
tract the ileum. After adding neostigmine (1 g/ml.) to the perfusion fluid, 
stimulation of the splenic nerve was followed by contraction of the super- 
fused ileum; the contractions were blocked by atropine. In a similar 
experiment with the perfused spleen from a normal cat, stimulation of the 
splenic nerve contracted the spleen and relaxed the superfused ileum. In 
the reserpine-treated cat the stores of noradrenaline have been exhausted 
and it appears that a substance with the properties of acetylcholine can be 
detected in the effluent from the spleen after sympathetic-nerve stimulation. 

Experiments have been carried out to determine the effect of acetyl- 
_ choline on strips of cat spleen mounted in an organ bath. Acetylcholine 
contracted the spleen strips; this response was not blocked by atropine, 
but was blocked by dibenzyline and bretylium. Noradrenaline also con- 
tracted the spleen strips and its action was blocked by dibenzyline but not 
by bretylium. Spleen strips from reserpine-treated cats were insensitive to 
acetylcholine and more sensitive to noradrenaline than were normal strips. 
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Evaporation from the corneal surface 
By D. M. Maurice and S. Misamma.* Ophthalmological Research Unit, 


Medical Research Council Institute of Ophthalmology, Judd Street, London, 


W.C.1 

Measurements of the thickness of rabbit’s cornea show that it becomes 
- an average of 4° thinner when the eye is opened after being kept closed. 
The thickness does not diminish further even if the eye is proptosed so that 
there is no possibility of the tear film being replaced. If thc surface of the 
proptosed eye is washed with saline, however, the cornea begins to dry 
rapidly. If the lids are closed over the eye, the cornea is again able to 
resist drying after proptosis. Scraping off the corneal epithelium does not 
alter these results. Destroying the Meibomian glands, however, prevents 
the regeneration of the resistance to drying. The secretion ot the glands can 
be seen to form a film over the corneal surface which, evidently, hinders 


evaporation. 
* British Council Scholar. 
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The rate of evaporation from the normal cornea was estimated by 
measuring its rate of thinning when the anterior chamber was filled with 
oil. The average value was 7 % of the thickness per hour, or 6 yl./hr for the 
entire corneal surface. This is sufficient to account for the observed hyper- 
tonicity of the aqueous humour. When the protective film was washed 
away the rate of evaporation was increased fifteenfold. 

The tonicity of the watery tear film may be estimated by using the 
cornea as its own osmometer, a technique introduced by von Bahr (1956). 
It was found that the thickness of the cornea in the open and closed eye 
could be: reproduced by bathing it with 1-0 and 0-9% NaCl solution, 
respectively. These, accordingly, are the tonicities of = tear film in the 
two cases. 
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Photosensitive reactions in the living human retinal periphery 


By R. A. WEALE. Department of Physiological Optics, Institute of Ophthal- 
mology, Judd Street, London, W.C. 1 

The detection of cone-pigments in rodless retinal regions (Weale, 1955, 
1959) leads to this question: can we detect cone pigments in the human 
retinal periphery, bearing in mind that the rods occur there in large 
numbers? The cones do, of course, mediate vision extra-foveally when the 
eye is light-adapted (Weale, 1951, 1953) and may do so partly even in the 
almost wholly dark-adapted state (Flamant & Stiles, 1948). Although in 

‘some retinal parts they are relatively scant in number, their structure may 

put them at an advantage over the rods (cf. Pirenne, 1948); they may 
absorb more light than would follow from a consideration of relative 
numbers alone. 

Irradiation of the retinal periphery with white lights of various intensities 
gave rise to difference spectra incompatible with the view that only visual 
purple was being bleached. The following evidence suggests that one or 
both of the foveal pigments—primochrome and secundochrome (Weale, 
1961)—also bleached on irradiation. 

(i) Bleaching with red light gave rise to a density difference spectrum 
a in scale but similar to the one produced by red light in the 

ovea 


(ii) Weak yellow light gave a difference spectrum significantly different 
from a yellow light ten times as strong. 
(iii) Bleaching with blue light failed to produce a hump in the orange 


_ part of the spectrum although lights spectrally different but of comparable 
efficiency did do so. 
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(iv) Blue and yellow lights when matched visually under scotopic condi- 
tions were photolytically unequally effective although equality would have 
been expected if only one pigment were being bleached. 

(v) The rate of regeneration of the bleached pigment (at 8° in the nasal 
retina) is one third as fast as in the fovea. As visual purple is belicved 
to regenerate slowly (cf. Rushton, 1959), this suggests either that rod 


pigment regenerates at different rates in various retinal regions, or—more 


probably—that the rapidly regenerating cone pigments are adding their 
effect to that of visual purple. ; 

The amount of pigment other than visual purple is too large to be 
- accounted for in terms of cone numbers in the fovea and periphery, 
respectively. But it can be explained if it is postulated that the cone 
inner limb acts as a light-gatherer and that its cross-sectional area is the 
effective cross-section of the cone considered as an absorber of light. 
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The effect of breathing high concentrations of oxygen upon the 
diffusing capacity of the lung in man 


By J. Ernstine. R.A.F. Institute of Aviation Medicine, Farnborough, Hants 


Animals breathing oxygen at one atmosphere pressure for several days . 


develop vascular engorgement and oedema of the lungs (Smith, 1899), 
Breathing 99 % oxygen at one atmosphere for 24 hr gave rise to substernal 
distress in thirty out of thirty-four men (Comroe, Dripps, Dumke & 
Deming, 1945). The effect of breathing 100% oxygen for 3 hr upon the 
diffusing capacity of the lung (D,) for carbon monoxide has been investi- 
gated in man. 

Each of eight subjects breathed various concentrations of oxygen in 
nitrogen for periods of 3hr. Before and after each 3 hr period D, was 
measured at various alveolar oxygen tensions by a breath-holding technique 
(Ogilvie, Forster, Blakemore & Morton, 1957). The residual volume was 
determined in duplicate at the beginning and end of each period by a closed- 
circuit method (McMichael, 1939) using helium. The true diffusing capacity 


of the pulmonary membrane (D,,) and the volume of blood in the pul- — 


monary capillaries (V,) have been calculated (Roughton & Forster, 1957). 
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The mean control values for the apparent diffusing capacity of the lung at 
a mean alveolar oxygen tension of 120 mm Hg (D,,,,), Dy, and V, in this 
series of experiments were 31-4 ml./min/mm Hg, 66-6 ml./min/mm Hg and 
92-8 ml., respectively. The mean changes in these quantities caused by 
breathing 21, 50 and 99 % oxygen in nitrogen for 3 hr are given in Table 1. 


| TaBLE 1. Mean changes in apparent diffusing capacity, diffusing capacity of the pulmonary 
-membrane and pulmonary capillary blood volume caused by breathing various concentra- 


tions of oxygen in nitrogen 
| oe Mean change caused by 
21% 0,  50%0,  99%0, 
Apparent diffusing capacity (ml. Hg) — 5-2 
Diffusing capacity of pulmonary membrane 0-0 — 4:5 — 18-8 
(ml./min/mm Hg) 
Pulmonary capillary blood volume (ml.) — 0-6 i: OB —1-9 


Breathing 99° oxygen for 3 hr produced a significant decrease in the 
apparent diffusing capacity (P < 0-01) and in the true diffusing capacity 
of the pulmonary membrane (P < 0-01) but there was no significant change 
in the volume of blood in the pulmonary capillaries. There was no signi- 
ficant change in the total lung capacity following breathing 99% oxygen 
for 3hr. A concentration of 50% oxygen did not cause any significant 
change in the diffusing capacity of the lung. The reduction in diffusing 
capacity caused by breathing 99% oxygen for 3 hr appears to be due to 
changes in the alveolar capillary membrane. Such a reduction in diffusing 
capacity could be due to either an increase in the resistance to diffusion 
afforded by the alveolar-capillary membrane or a decrease in the effective 
area of the membrane. 
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Non-myelinated afferent fibres from mammalian skeletal muscle 
By A. Iaco*. Physiology Department, University of Edinburgh 

Electrical activity was recorded from fine strands dissected from the 
nerves to the gastrocnemius and soleus muscles in cats. The non-myelinated _ 
fibres were identified by measuring the conduction velocity in the nerve 
trunk or from the nerve-endings. In the fibres reported here the velocities 
ranged from 0-4 to 1-6 m/sec. In addition to these fibres there were others 
* Locke Research Fellow. 
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in which the conduction velocity in the muscle was about 1-2 m/sec, but in 
which it was 3-10 m/sec in the main nerve. These latter fibres probably 
correspond to the Group IIT fibres recently described by Bessou & Laporte 
(1960). 

For all except one fibre there was only a small region of the muscle or 
tendon (less than 5 mm?) from which a discharge of impulses could be 
evoked. A persistent discharge of impulses could be provoked by sustained 
pressure on the sensitive part of the muscle, and even after 30sec of 
stimulation the rate of firing was almost as high as initially with some fibres. 
_ Mechanical thresholds ranged from 5 to 50.g wt. No fibre was excited by 
stretch or contraction of the muscle, even when loads of several kilograms 
were placed on the tendon. Many of the fibres responded with a persistent 
discharge of impulses when the mechanically sensitive part of the muscle 
was warmed or cooled. Most of the units were excited by both high and 
low temperature, above 41°C and below 25°C, but a few were most 
sensitive about 28-32° C. 

All the fibres tested were excited by application of the classical deep- 
pain stimulant—a small quantity of 5° NaCl solution. The rate of firing 
was as high as 30 impulses/sec and could persist for 30 sec. This stimulus 
was, however, non-specific since all the other muscle afferent fibres tested 
were also excited, including muscle-spindle afferent fibres in which the rate 
of firing was as high as 40 impulses/sec. Muscle ischaemia, another well- 
known cause of muscle pain, was produced by occluding the popliteal 
artery, the femoral artery and in some experiments the abdominal aorta. 
It never aroused a very high-frequency discharge of impulses in the 
C fibres, even when combined with intercurrent tetanus. There was often 
a low-frequency discharge, less than 1/sec, and in some fibres there were 
bursts of impulses lasting up to 3 sec at 10-20 impulses/sec. Restoration 
of the blood flow usually abolished the activity but on one occasion was 
associated with an enhancement of the irregular discharge of impulses. 
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Sensations aroused by thythmically repeated motion- 
phase relationships 


By E. G. Watsn. Department of Physiology, University of Edinburgh 


For horizontal motion a swing has been used based on a system described 
by Henderson (1905). The person lay with his eyes closed on a stretcher 
which was carried alternately in a headwards and feetwards direction. 
Up to 2m of movement could be obtained. With a period of 10 sec the 
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sensations led the motion, showing a substantial phase advance. Thus the 
sense of moving towards the feet started whilst the person was still travel- 

ling towards the head and seemed to be most intense at, or just before, 

the end of the swing when the person was actually stationary. Similarly 
the first feeling that movement was taking place towards the head came 
whilst the body was yet moving to the feet. For faster oscillations a 
parallel swing has been used. A stretcher has been suspended by four 
wires; the periodicity was varied by altering their length. With periods of 
1-2 sec the sensations appeared to be much more closely in step with the 
motion. The person indicated that he was travelling most rapidly at about 
the middle of the oscillation. 

Vertical movements have been by a’ Roberval type balance 
large enough to carry a man. Slow oscillations (9 sec/cyc) gave rise to 
sensations the phase of which led the corresponding phase of motion by 
90° (cf. Mach, 1875). When the oscillation was more rapid the phase shift 
was smaller and disappeared when the period was in the range of 1-3 sec. 

The otolith organs are believed to respond to linear motion and it is usually 
assumed that they are sensitive to acceleration rather than to some other 
parameter of the movement. On this basis the sensations produced by 
rhythmically repeated motion should be most intense at the turning points, 
as has been found for the slower oscillations. The delay involved in the 
reaction time must also be considered and with the faster oscillations may 
mask a phase advance at the receptor level. Whatever the mechanisms 
involved the results demonstrate that the over-all effect is satisfactory at 
the faster but not the slower rates both for horizontal and for vertical 
motion. The fact that the sensations aroused by slow oscillations are 
incorrect in their timing may have a bearing on the pathogenesis of motion 
sickness. Slow oscillations of large amplitude are rarely encountered 
except with man-made devices and for the more rapid periodicities 
associated with walking and running the response of the vestibular 


_ apparatus appears adequate. 
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Changes of habituation induced by lesions and stimulation of the 
brain in rats 


By E. M. Guaser and J. P. Grirrin. Department of Physiology, The London 
Hospital Medical College, London, E. 1 


Experiments were carried out on female rats with initial weights of 120- 
130 g. Their heart rates were measured by an automatic electronic counter 
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(Glaser, Griffin & Knight, 1960) from leads attached to platinum loops in 
the skin (Glaser & Yap, 1959). Lesions were applied to the brain under 
pentobarbitone anaesthesia, and after recovery all operated rats appeared 
normal. In order to habituate the rats to the basic experimental conditions 
(Glaser & Yap, 1959), they were placed in the vertical position in copper- 
wire cages for 2 hr daily on 14 consecutive days, with their tails in water 
at 31° C. During each of the next 10 days each rat’s tail was first immersed 
at 31° C for 45 min, and base-line readings of the heart rate were taken at 
the end of this time. Then the tails were immersed at 4° C for 10 min six 
times daily, and at 31° C for 10 min between cold immersions. Repeated 
cooling at 4° C-is harmless to the hands of people (Glaser, Hall & Whittow, 
1959), and no damage was seen in the present experiment either during life 
or on subsequent microscopic examination. 

After 14 days’ initial habituation the mean heart rate of ten normal rats 
with their tails at 31° C was 414 beats/min; this increased by 69 beats/min 
during the first six immersions of the tails at 4° C, but on successive days 
this increase became gradually smaller until it was only 30 beats/min on 
the 10th day, which resembled habituations previously observed (see 
Glaser et al. 1959). After 14 days’ initial habituation, ten rats with bilateral 
superficial lesions of the frontal lobes had mean heart rates of 463 beats/min 
with their tails at 31°C, which suggests inadequate habituation to the 
basic experimental conditions; during immersions of the tails at 4° C the 
mean heart rate of these rats rose by 28 beats/min, and this rise only 
showed small daily changes in either direction, amounting to 30 beats/min 
on the 10th day. Rats with one-sided lesions of the frontal lobes gave 
results which resembled those of normal rats, and rats with bilateral tem- 
poral lobe lesions gave results which were indistinguishable: from the normal 
controls. 

—Unoperated rats did not lose their habituation in 7 days, but habituation 
could be abolished in some animals by bilateral lesions of the frontal lobes. 
In animals without cerebral lesions electric stimuli of 244A and 1 msec 
duration applied to the surface of one frontal lobe during immersions 
of the tail at 4° C were followed by a greatly reduced response to 4°C 
after 24 hr and 7 days without any further stimulation, which nee 
the possibility of accelerated habituation. 

Thus in rats habituation to localized cooling of the tail-must, be ciliated 
to the frontal lobes of the brain. This confirms earlier eviderice what. : 
habituation may be controlled by the brain (see Glaser e¢. al. 1959), ee 
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The effect of anoxia in new-born rabbits 


By J. A. Davis. The Nuffield Institute for Medical Research, University of 
Oxford 


In the foetal monkey acute asphyxia causes a rise of blood pressure and 
bradycardia, whereas administration of nitrogen after birth results in an 
abrupt fall of blood pressure and heart rate (Dawes, Jacobson, Mott & 
Shelley, 1960). In the young rabbit Bauer (1939) found that asphyxia 
caused by clamping the trachea produced little immediate change in blood 
pressure but a fall in heart rate. It seemed desirable to repeat his experi- 
ments in order to discover whether there was a true species difference. 

Rabbits of various ages were anaesthetized with pentobarbitone, sup- 
plemented with local xylocaine. After tracheotomy, catheters were passed 


into a common carotid artery and the superior vena cava and connected to 


capacitance manometers. Anoxia or asphyxia was induced either by closing 
the tracheotomy tube or by attaching to it a stream of pure nitrogen at 
low pressure. In the foetus records were obtained at Caesarean section. 
The doe was anaesthetized with pentobarbitone, a segment of uterus was 
exposed, and the head and neck of the foetus were delivered to give access 
to the great vessels, leaving. the mouth and nose covered by amnion. 
Asphyxia was induced by clamping the cord. At all ages anoxia or 
asphyxia led to a crisis characterized by bradycardia and apnoea. From 
birth there was almost invariably a small rise of blood pressure, which 
increased with age. In older rabbits this was accompanied by extreme 
slowing of the pulse with subsequent acceleration, a small rise of venous 
pressure, and convulsions. Asphyxia caused by clamping the trachea 
led to qualitatively similar changes, but with a considerably larger rise 
in venous pressure. There is, therefore, a difference between the reaction 
of new-born rabbits and monkeys to anoxia as regards the immediate 
change in blood pressure. 

Bauer (1939) concluded that the abrupt asphyxial fall in pulse rate first 
observed in rabbits at about 1 month from birth was due to baroreceptor 
stimulation during the rise of blood pressure. It is now evident that the 
physiological analysis of this bradycardia is likely to be complicated, since 

(1) even in rabbits at birth baroreceptor reflexes are functional 
(Downing, 1960); 

(2) the effect of anoxia on the chemoreceptors should also be to cause 
bradycardia, particularly during apnoea; 

Pi the venous pressure rises and may be expected to produce reflex 
ellects ; 


(4) no satisfactory explanation for the apnoea has yet been proposed. 
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An electrophysiological study of the neuromuscular junction in 
myasthenia gravis 


By O. D. Eimgvist, T. R. Jonns, 8. RADNER and S. THEsLeErrF. 
Departments of Pharmacology, Thoracic Surgery and Medicine, University 
of Lund, Sweden | 


Isolated human intercostal muscles obtained by biopsy from patients 
with generalized myasthenia gravis have been studied by the use of intra- 
cellular electrodes. The muscle preparation and the technique were similar 
to that previously employed in a study of normal human muscles (Elm- 
qvist, Johns & Thesleff, 1960). The end-plate region of single muscle fibres 
was located by direct observation of fine nerve branches, the recording of 


end-plate potentials in response to nerve stimulation and by determining 


the sensitivity of the membrane to iontophoretic micro-Application of 
acetylcholine. 
The resting membrane potential of single muscle fibres was 70-90 mV, 


which is similar to that in normal muscles. In the great majority of the . 


fibres from myasthenic muscles spontaneous prejunctional activity re- 
corded as miniature end-plate potentials (M.z.P.P.s) was markedly de- 
creased in frequency or completely absent. The amplitude and the time 
course of the few recorded M.£E.P.P.s were similar to those in normal 
muscle. When the potassium concentration of the bathing fluid was 
increased from 5 to 20-40 mM, M.E.P.P.s were not recorded. That was in 


marked contrast to the normal human muscles, in which a similar increase — 


in potassium concentration invariably caused a lasting 100- to 1000-fold 
increase in the discharge frequency of M.z.P.P.s (cf. Liley, 1956). In the 
presence of potassium the resting membrane potential fell to the same level 
in normal and in myasthenic muscles. 

The recording of M.z.P.P.s with normal amplitude and time course shows 
that the chemosensitivity of end-plate receptors in myasthenic muscles is 
about similar to that in normal ones. Furthermore, the sensitivity of an 
end-plate ‘spot’ to iontophoretically applied acetylcholine was of the same 


order in myasthenic and in normal muscles. These observations make it _ 


unlikely that the block of neuromuscular transmission is of post-junctional 
origin. The low spontaneous M.£.P.P. frequency and the lack of a frequency 
increase in response to potassium indicate that in myasthenia gravis there 
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exists a pre-junctional deficiency affecting either transmitter formation or 


transmitter release. 
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Observations on the distribution, histology and nerve connexions 
of sensory endings in the pulmonary artery _ 


By J. C. G. Corzrmes, C. Kipp and J. A. SHarp. Departments of Physio- 
logy and Anatomy, School of Medicine, University of Leeds 


The presence of baroreceptor endings in the wall of the pulmonary artery 
is now clearly established by electrophysiological techniques. The present 
communication is intended to provide further information about the 
distribution and histology of the endings, and the pathways within the 
thorax of the afferent fibres innervating the receptors. 

Afferent impulses were recorded from pulmonary arterial baroreceptor 
fibres dissected from slips of the cervical vagus in anaesthetized dogs. The 
intrathoracic branches in which these fibres travel were determined by 
cooling, in turn, each of the branches in the region of the heart. The 
terminology adopted by Mizeres (1955) will be used to describe these 
branches. Fibres dissected from the left cervical vagus came from the 
pulmonary artery by way of either the ventromedial or ventrolateral 
cervical cardiac nerves, or the left recurrent laryngeal nerve. The course 
of fibres dissected from the right vagus was in either the recurrent cardiac 
nerve or in the vagal cardiac nerves. All vagal branches found to contain 
fibres from pulmonary arterial receptors carried, in addition, fibres from 
other sensory areas in this region. 

The location of receptors in the pulmonary artery was determined, 
immediately after death, by stimulation with a fine probe. Small pieces of 
the arterial wall in which a receptor had been thus located, and also 
specimens of the artery taken at random, were examined histologically after 
silver impregnation. Sensory endings were seen which took the form of an 


area of connective tissue occupied by fine branching coiled nerve fibres; the 


endings were invariably in contact with or buried within the tunica media. 

The majority of receptors were distributed throughout the right 
pulmonary artery and in the left artery near the ligamentum arteriosum ; 
the remainder of the left artery appeared to be more sparsely innervated. 
Apart from a few receptors near the pulmonary valves, the main aa 
monary artery was devoid of sensory endings. 
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Spontaneous mechanical and electrical activity of intestinal smooth 
muscle cells and their response to stimulation of the extrinsic 
parasympathetic nerves | 


By J.S. Gmuuespie.* Rockefeller Institute, New York, U.S.A. 


With a modification of the doubly innervated rabbit colon preparation 
(Garry & Gillespie, 1955) the isometric tension of the longitudinal muscle 
layer and the membrane potential of single smooth-muscle cells have been 
simultaneously measured. The membrane potential was recorded with an 
intracellular glass micro-electrode. The membrane potential changes ac- 
companying spontaneous rhythmic activity and the mechanical and 
potential responses to stimulation of either the sympathetic or para- 
sympathetic nerves have been studied. This paper describes the spon- 
taneous activity and the response to parasympathetic nerve stimulation. 

In the absence of nerve stimulation the membrane potential of the 
smooth muscle cells is not stable; regular slow potential waves lasting 
several seconds are seen. The depolarization phase of these waves initiates 
short-lived bursts of action potential spikes followed by repolarization. 
Associated with each burst of action potentials there is a contraction of the 
longitudinal muscle. Stretching the preparation prolongs the period of 
spike activity, producing finally a continuous discharge at an average 
frequency of 1/sec, the frequency fluctuating with variations in tension. 

Single stimuli to the motor parasympathetic nerves produce both a 
mechanical and an electrical response. The electrical response may be 
either a slow depolarization lasting some 600 msec or an action potential. 
The slow depolarization is presumably a junction potential and the term 
‘slow potential response’ (s.P.R.) is suggested for it. The interval between 
the stimulus artifact to the nerve and the beginning of the s.p.R. or the 
foot of the action potential averages 400 msec. This interval is too long to 
be explained by conduction in the extrinsic nerves or synaptic transmission 
in Auerbach’s plexus. Repetitive stimulation at slow rates will ‘drive’ 
the preparation; each stimulus is followed by an electrical response and an 
increment in tension. Above 2/sec, however, the smooth muscle cells no 
longer follow the stimulus frequency. With further increase in frequency 
the membrane potential begins to fall, irregular action potentials are 
superimposed but diminish in size so that at 10/sec there is a state of 
maintained steady depolarization with no action potentials. The muscle 
tension at this time remains at its maximum. 

* Sophie Fricke Research Fellow: Present address, Department of Physiology, 
University of Glasgow. 
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Effect of sympathomimetic amines on the cardiovascular responses 
to exercise in the dog ? 


By M. J. Atuwoop, E. W. O. Krox, R. J. MarsHaut and J. T. SHEPHERD. 
Sherrington School of Physiology, St Thomas’s Hospital, London, S.H. 1 


Factors affecting the sodium appetite of sheep 


By Sicrmp Bemuarz and R. N. B. Kay. Department of 
University of Melbourne, Victoria, Australia 


A previous communication from this laboratory (Denton & Sabine, 
1960) describes the selective appetite for sodium solutions shown by normal 
sheep and by sheep depleted of sodium by loss of saliva from a fistulated 
parotid gland. The fistulated sheep drank enough sodium to replace that 
lost in their saliva and did so whether the solution was available con- 
tinuously or only for 30-60 min daily. In the latter case most of the sodium 
drunk was consumed within 5 min, before more than a small fraction could 
be absorbed. 

The mechanisms underlying this appetite have been studied in further 
experiments. Sheep with one parotid gland fistulated were housed in 
metabolism cages. Water was available continuously. For 30 min daily the 
sheep were offered two cans, one containing water and the other an equal 
volume of NaHCO, solution, 317 or 420 m-equiv/l. Both fluids were 
warmed and their positions were varied from day to day. Two series of 
experiments were run to find whether the sheep’s sodium appetite, as 
gauged by the volume of sodium solution drunk, is affected by giving 
sodium solutions into the rumen or intravenously shortly before the 30 min 
drinking period. 

In the first series three sheep were given 1-51. of water or 1:51. of a 
solution containing 25 or 50 g of NaHCO, by rumen tube 10 min before the 
drinking period. The introduction of water slightly reduced the volume of 
solution drunk and the same reduction occurred when NaHCO, solution 
was given instead. Thus even if the sheep has ruminal receptors sensitive 
to the sodium concentration of the rumen contents, their stimulation does 
not affect sodium appetite. 

In the second series three sheep were given intravenous infusions of 
various solutions, The infusion lasted about 30 min, and 10 min after its 
completion the NaHCO, solution was offered for drinking. Infusions of 
0:16mM-NaCl (18 m-equiv Na+) or of 2:7 m-glucose did not affect the amount 
of sodium drunk. Infusions of 2-7-4-0m-NaCl solutions, containing 331- 
453 m-equiv Na* (roughly half the sodium deficit), usually reduced the 
subsequent intake of sodium by a similar amount. After these infusions, 
_ at the beginning of the sodium drinking period, the plasma sodium had. 
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risen from 145 to 168 m-equiv/I., the haematocrit fell from 28-2 to 21-2 and — 
the plasma specific gravity from 1-0250 to 1-0222 (mean values). Since 
these changes did not extinguish the sodium appetite altogether it appears 
that the stimulus to sodium appetite behaviour in sheep is not a simple 
function of decreased plasma sodium and/or blood volume. 
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Posterior lobe hormones on the vascular response of the male 
rat after castration 


By L. H. Honor& and M. Luoyp. Physiology Department, University 
of Edinburgh 

As a counterpart to Lloyd’s (1959) observation that the vascular responses 
of the female rat to neurohypophysial hormones depended on the blood 
oestrogen concentration, this series of investigations was undertaken to 
find out whether any relationship exists between the male vasculature and 
the concentration of androgens in the bood. The first line of attack was to 
study the responses of male castrates to vasopressin (Pitressin, Parke 
Davis) and oxytocin (Syntocinon, Sandoz) for a period of 16 days post- 
operatively. The blood pressure of the pentobarbitone-anaesthetized 
animals was recorded from the right carotid artery and the meso-appendix 
vessels were observed under direct vision. 

Five normal males were studied as controls and the minimal dose of 
vasopressin required for a 10 mm Hg rise in blood pressure was found to be 
about 1 m-u./200 g body weight, whereas oxytocin had no effect on the 
blood pressure trace though it caused a dilatation of the mesenteric 
vessels. 

Castration brought about the following changes in the response to 
vasopressin : 

(a) for 4 days after the operation no change was apparent; 

(6) from the 5th to the 10th day inclusive the sensitivity to vasopressin 
increased fourfold; 

(c) from the 11th day onwards the sensitivity returned to normal. 
Furthermore, the duration of the response to vasopressin was significantly 
prolonged (5-10 times) from the 5th day onwards. Also an initial vaso- 
depression was observed with vasopressin from the 6th to the 10th day 
inclusive, but at no other time. 

With regard to oxytocin, castration led to a general unmasking of its 
vasodilator activity in that the hormone which had no effect on the blood 
pressure in the normal rat provoked a depression of blood pressure in the 
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castrate from day 5 to day 10 post-operatively. This vasodepression was 
not apparent during the 4 days immediately following the removal of the 
testes and disappeared after the 10th day. | 

These results would suggest that androgens decrease the sensitivity to 
vasopressin and mask the vasodilator effect of oxytocin. 


REFERENCE 
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The separation of three plain-muscle stimulants present in the 
human endometrium 


By H. J. Currueror*. Department of Physiology, University of Sheffield 


Human endometrial curettings and menstrual fluid contain lipoid sub- 
stances that stimulate the myometrium in vitro. It is thought that these 
substances released in vivo would stimulate the myometrium and so 
facilitate the expulsion of the decidua menstrualis (Pickles, 1959). 

From the crude lipid extracts of the menstrual fluid three stimulant 
components (referred to as A, B and C) have been separated from one 
another and from most of the inactive material (Clitheroe & Pickles, 
1960, 1961). 

Similarly three plain-muscle stimulants have been separated from the 
crude lipid extracts of endometrial curettings, and so far they are 
chemically and biologically indistinguishable from the corresponding 
substances in the menstrual fluid. These substances from the endometrium 
are therefore similarly referred to as A, B and C. 

The methods of separation of the components from the crude lipid 
extract of endometrium were identical with the procedures used for the 
menstrual fluid (Clitheroe & Pickles, 1961), except that the crude lipid 
extracts were not partitioned between heptane and 80 °% aqueous methanol. 

These three components have all the effects on smooth muscle that have 
been described before for the menstrual stimulant, A being the most 
active in direct stimulation of the uterus. 

All three stimulant components have been separated from the crude 
lipid extracts of endometrial curettings taken during both the proliferative 
phase and the secretory phase of the menstrual cycle. Chambers (1960) 
had found that the crude lipid extracts of secretory endometrium curettings 
contained a plain-muscle stimulant. However, a difference between the 
proliferative phase and the secretory phase has been shown with the 
stimulant A. Assayed on guinea-pig uterus the stimulant A from the 
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secretory phase endometrium has an activity (in terms of weight for weight 
of unfractionated lipid) of four times that from the proliferative phase 
endometrium. No significant difference between the stimulants B and C 
has been found in the curettings taken during the proliferative and 
secretory phases of the menstrual cycle. 

It is concluded that three plain-muscle stimulants have been separated 
from the human endometrium and are so far indistinguishable from those 
that have been separated from the menstrual fluid. There is a difference 


. in terms of quantity in at least one of the stimulants between proliferative | 


and secretory phases of the menstrual cycle. 
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The effect of antidiuretic hormones on urinary excretion of 


hyaluronidase and calcium in man 


By 8S. E. DIcKER and M. Grace EaaLeTton. Departments of Pharmacology 
and Physiology, University College London 


The antidiuretic hormone of man has been chemically identified as 
arginine vasopressin. Arginine vasopressin is many times more potent 
than lysine vasopressin in causing antidiuresis in the dog (Van Dyke, 
Engel & Adamsons, 1956) and in the rat (Thorn, 1959). As most of the 
pharmaceutical preparations of the antidiuretic hormone appear to be 
lysine vasopressin, it was of interest to compare the antidiuretic response 
of the two vasopressins in man, and to correlate the effects with the 
presence of hyaluronidase. Since Thorn (1960) has shown that intravenous 
injections of lysine vasopressin produce an enhanced excretion of Ca in 
the dog, its excretion rate was studied also. 

Well-hydrated subjects were injected: intravenously with equipressor 
amounts of either lysine, or arginine vasopressin (at a rate of 1-9 m-u./min) 
and their urine flow recorded. The antidiuretic effect following lysine 
vasopressin was of smaller duration and intensity than that following 
arginine vasopressin, the latter being approximately three to four times 
more potent than lysine vasopressin. The antidiuresis produced by either 
vasopressin was accompanied by the excretion of hyaluronidase and an 
increased excretion of Ca. A similar effect is produced by endogenous 
vasopressin. Hyaluronidase excretion at basal rates of urine flow is 
accompanied by a high rate of Ca excretion which diminishes with in- 
creasing rate of flow induced by ingestion of water. 
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To see further whether the increased excretion of Ca and the presence of 
hyaluronidase could be related to the antidiuretic effect of the vasopressins, 
oxytocin and an analogue of lysine vasopressin were in) jected intra- 
venously. The analogue was a phenylalanine*-lysine*-vasopressin. It was 
administered in the same pressor amount as lysine or arginine vasopressin. 
Neither oxytocin nor the vasopressin analogue produced an antidiuresis ; 
no hyaluronidase was excreted and the Ca excretion remained unaffected. 

As it would seem that hyaluronidase plays a part in the mechanism of 
action of the antidiuretic hormones, it is conceivable that a release of Ca 
into the distal tubule might occur in this process. 


The vasopressin analogue was kindly supplied by Messrs Sandoz Ltd. 
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Diurnal excretory sisi in man at high latitudes 


By Mary C. Loppan and H. W. Simpson. Division of Human Physiology, 
National Institute for Medical Research, London, N.W.3 and citron 
of Pathology, Royal Infirmary, Glasgow 


Three members of a party who were to carry out physiologi cal investi- 
‘ gations in Spitzbergen travelled by road from Bergen to Tromsg in May. 
During this northward journey they collected urine samples according to 

a strict experimental routine on every fourth day to determine their 
patterns of excretion at different latitudes. 

The pattern of water excretion for all three subjects became disturbed 
as soon as the party approached the latitudes of continuous summer day- 
light. This disruption of the normal pattern was accompanied by a con- 
siderable diminution in the amplitude of the rhythm, the diminution being 
especially marked about the latitude of the Arctic Circle. After 3 weeks at 
high latitudes, however, both phase and amplitude of the rhythm of water 
excretion had returned to normal. In direct contrast, the pattern of 
potassium excretion remained normal throughout the whole journey: thus 
a marked dissociation may be observed between the rhythms of water and 
of potassium excretion at 64°, 67° and 70° N. in the first 8 days of exposure 
to continuous daylight. 

These observations would support the theory that more than one 
mechanism is involved in the control of urinary diurnal rhythms (Lewis & 
Lobban, 1957) and would also — that the mechanism which controls 
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diurnal variations in water excretion is to some extent under the influence 
of the immediate environment. The environmental factors concerned may 
be the changes of illumination which occur at sunrise and at sunset in 
temperate regions. Such an hypothesis would not at first sight explain the 
re-establishment of the rhythm described above, nor would it account for 
the differences observed between the excretory patterns of Arctic-dwelling 
Indians at midsummer and at midwinter (Lobban, 1958). | 
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Oestrogens, oxytocin action on blood 
pressure affected by (rat), 161 


Optic chiasma, experimentally induced 


absence of (chick), 33 P 

Optic tract, synaptic potentials on stimu- 
lation of (cat), 390 

Organ-bath drain pipes, lever-operated, 
spring-loaded plunger clip for (T), 3P 

Ouabain, sodium pump in skeletal muscle 

Ovary, acid phosphatase and esterases 
location during oestrus cycle in (rat), 
36P 

Oxygen, kinetics of reaction with two types 
of haemoglobin of (sheep), 580. 

Oxygen uptake, sodium pump in skeletal 
muscle and (frog), 270 

Oxytocin, blood pressure in presence of 
oestrogen affected by (rat), 162 

non-mammalian pituitary gland extracts 

containing (vertebrate), 102 


Pacinian corpuscle, temperature effects 


on responses of (cat), 280 
vibration responses of tibial periostial 
(cat), 176 
Parallel swing, vestibular apparatus role 
in perception of motion on (man), 506 
Phrenic-nerve-diaphragm 
anoxia effect on (rat), 358 
Pituitary extract, peptides contained in 
(pollock), 104 
Plain muscle, excitation transmission from 
autonomic nerve to (guinea-pig), 115 
nitrate effect on electrical and mechanical 
activity of, 9P 
spontaneous mechanical and electrical 
activity of intestinal (rabbit), 59P 
Plasma kinin, changes during labour in 
forming system of (T), 37P 
Plasma lipid complexes, cholesterol 
effect on (rabbit), 458 


Plasma proteins, transfer to lymph of 


(rabbit), 456 
Polyuria, experimental modifications of 
breathing inducing (man), 438 
Post-pituitary hormones, vascular re- 
sponse of male after castration to (rat), 
61P | 


Post-tetanic potentiation, ACh release in 
isolated diaphragm during (rat), 254 
Potassium, adrenaline and noradrenaline 
effect on auricle fluxes of (rabbit), 209 
anoxia effect on phrenic-nerve-diaphragm 
preparation affected by (rat), 365 
kinetics of exchange and net movement in 
skeletal muscle of (frog), 221 
miniature end-plate potentials affected by 
(frog), 47 
nerve cell membrane changes affected by 
(Onchidium verruculatum), 470 
Presynaptic inhibition, neuromuscular 
junction and (crayfish), 543 


Pulmonary artery, distribution, histology _ 


and nerve connexions of sensory endings 
in (dog), 58P 

Pulmonary circulation, functional ana- 
stomoses between bronchial circulation 

Pulmonary venous blood, bronchial 
circulation contribution to venous ad- 
mixture in (dog), 602 

Pyramidal tracts, cortical antidromic 
response to stimulation of (cat), 148 


Quanta, transmission and spontaneous 
miniature potentials at neuromuscular 
junction involving (crayfish), 514 


Receptor potential, temperature effect on 
Pacinian corpuscle (cat), 288 
Respiration, brain temperature as a factor 
in control of (ox), 72 
immediate effects of added elastic loads 
on (man), 42P 
polyuria induced by experimental modifi- 
cations of (man), 438 
Retina, photosensitive reactors in peri- 
phery of living (man), 50P 
Retinal ganglion cell, geniculate cell 
réceptive fields and (cat), 389 
Rhodopsin, dark adaptation of rods and 
regeneration of (man), 6P 
Ruminants, electromagnetic measurement 
of duodenal flow of digesta in, 134 


Sartorius, local anaesthetics effect on 
action potential of fibres of (frog), 27 P 
Serotonin, intravenous adrenaline and nor- 
adrenaline causing release of (man), 8 P 
Serum, sodium content of isolated dia- 
affected by (rat), 346 
Skeletal muscle, localized action of ‘end- 
plate drugs’ in (frog), 399 
non-myelinated afferent fibres from (cat), 
52P 
potassium exchange in (frog), 221 
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Skeletal muscle, sodium pump in relation 
to energy barriers in (frog), 263 
structurally bound phosphate change in 
contracture of (frog), 41 P 
succinylcholine effect on isotonic contrac- 
tion of directly stimulated (rat), 311 
thermoelastic effect of change of tension 
in active (toad), 187 
vibration receptors in hind limb (cat), 180 
Skin, vibration receptors in hind limb (cat), 
178 
Small intestine, electrical potentials in 
isolated (rat), 17P 
Small motor fibres, anaesthetics effect on 
activity in hind limb of (rat), 59 
Sodium, factors affecting appetite for 
(sheep), 60 P 
maintenance in isolated diaphragm of 
normal content of (rat), 343 
potassium movement in skeletal muscle 
affected by (frog), 238 
Sodium pump, energy barriers in skeletal 
muscle in relation to (frog), 263 
Sodium salts, drinking response after 
nephrectomy to infusions of (rat), 567 
Soleus, receptors innervated by Group III 
afferent fibres in (cat), 19P 


Spinal cord potentials, cutaneous nerve Z 


stimulation causing (frog), 86 
Spinal injury, perception of motion on 
parallel swing affected by (man), 510 
Spironolactone, renal effects of cortisol 
affected by (man), 18P 
Splanchnic nerve activity, adrenal 
- medulla output of sympathetic amines 
affected by (cat), 1 
Spleen, sympathetic nerves in relation to 
ACh in (cat), 48P 
Spontaneous miniature potentials, facili- 
tation at neuromuscular junction and 
(crayfish), 537 
inhibition effect on (crayfish), 554 
quantal nature at neuromuscular junction 
of (crayfish), 514 
Stomach, rate of flow of digesta through 
(sheep, goat), 140 
Succinylcholine, isotonic contraction of 
directly stimulated skeletal muscle 
affected by (rat), 311 
muscle twitch depression by (frog), 401 
Sweat, chemical composition relation to 
colligative properties of (man), 490 
Sympathetic amines, splanchnic nerve 
activity effect on adrenal medulla out- 
put of (cat), 1 
Sympathetic nerve, excitation transmis- 
ers to plain muscle from (guinea-pig), 
15 


Vasodilatation, 


SUBJECT INDEX 


thomimetic amines, cardiovascu- 
lar responses to exercise affected by 
(dog) (T), 60P 
electrocortical activity and behaviour of 
young and adult affected by — 
cat), 39P 


a 


Temperature, ACh release in isolated dia- 

phragm affected by (rat), 250 
Pacinian corpuscle responses affected by 

(cat), 280 

Thermal polypnoea, brain temperature as 
a factor in control of (ox), 72 

Thermoelasticity, active muscle showing 
(toad), 187 

Transplanted kidney, pyrogen-induced 
vasodilatation in (dog), 21P 


Urethane, nerve cell membrane changes in 
potassium-rich media affected by (On- 
chidium verruculatum), 484 

Urethra, mechano-receptors sensitive to 
flow in (cat), 47P 

Urine, anoxia and hypocapnia effect on 
volume and composition of (man), 425 


Uterus, adrenaline, noradrenaline and iso- 


prenaline action on (guinea-pig), 14P 
interaction of ACh, adrenaline and Mg 

with Ca in contraction of depolarized 
(rat), 10P 

Vagal efferent activity (cat) (T), 37P 

Vas deferens, excitation transmission from 
autonomic nerve to muscle cells of 
(guinea-pig), 117 

willed movement and 
neurogenic (T), 5P 

Vasodilators, oxytocin action on blood 
pressure in presence of (rat), 162 

Vestibular apparatus, role in perception 
of motion on parallel swing of (man), 
506 

Vibration receptors, nature in hind limb 
of (cat), 175 

Visceral receptors, pain, bradykinin and 
analgesic agents effect on (dog), 13 P 

Viscerocerebral connective, sequence of 
impulses from cerebral ganglion after 
stimulation of (clam), 321 


Water-balance principle, non-mam- 
malian pituitary gland extracts con- 
taining (vertebrate), 103 

Water diuresis, altered breathing effect on 
(man), 446 

anoxia and hypocapnia effect on (man), 
422 

Water excretion, acute anoxia and hypo- 

capnia effect on (man), 417 
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